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Preface 

The proton exchange membrane (PEM) fuel cell is a highly efficient, environmentally 
benign power source that has many potential advantages in portable and mobile 
applications. Practical units with power outputs ranging from less than 100 watts to 
greater than 105 watts have been designed and constructed. One very significant 
impediment to the implementation of this technology in military and commercial 
applications, however, is the transport and storage of the primary fuel, hydrogen. If 
pure hydrogen were as readily available and as easily transported as liquid 
hydrocarbons, the military and commercial development of PEM fuel cells would 
proceed at a rapid rate. 

The workshop was organized to examine the problem of utilizing fuels alternative to 
neat hydrogen. Sponsors included the U. S. Army Research Office (ARO), the U. S. 
Office of Naval Research (ONR), and the Defense Advanced Research Projects 
Agency (DARPA). The Organizing Committee consisted of Professors Charles Martin 
and Darryl DesMarteau (Clemson University), Drs. Peter Fedkiw and Dick Paur (ARO), 
Dr. Richard Carlin (ONR) and Dr. Bob Nowak (DARPA). A group of 69 scientists and 
engineers from industry, academia and government laboratories were assembled at the 
Holiday Inn Boardwalk in Las Vegas, NV, April 28 - May 1, 1998. Their objective was 
to examine the state-of-the-art of current PEM fuel cell systems for alternate fuels, to 
identify the most important factors limiting the efficient use of these fuels, and to 
recommend the most promising directions for future research to overcome those 
limitations. 

The alternate fuels of interest here are any readily available, easily transportable 
materials that could serve directly or indirectly as a fuel. They include hydrogen rich 
materials such as hydrocarbons or alcohols. Transported as liquids, these fuels have a 
high hydrogen content per unit mass. As discussed below, the state-of-the-art 
membrane electrode assembly (MEA) imposes significant limitations on the efficient 
utilization of these alternate fuels. 

Additional Technical Background 

The heart of the PEM fuel cell is the proton conducting membrane, which serves a 
number of important functions in the state-of-the-art membrane electrode assembly 
(MEA). These include: 

1) Ion (proton) conductor. 
2) Barrier to fuel and oxidant crossover 
3) Transport of water from cathode to anode. 
4) Physical support and separator for the electrodes. 
5) Electronic insulator. 
6) Catalyst interface for proton transfer. 



7) Bonding agent to form a robust MEA structure. 

In a typical design for a hydrogen/oxygen PEM fuel cell, the porous, platinum-catalyzed 
electrodes are laminated to each side of the membrane and this membrane-electrode 
assembly (MEA) is sandwiched between 2 sheets of an electrically conductive, porous 
carbon paper. This structure is compressed between electrically conductive plates having 
channels to allow gas flow to reach the surface of the MEA through the porous carbon 
paper. Hydrogen gives up two electrons at the anode and the resulting protons are 
transported across the membrane to the cathode. There, the protons combine with 
oxygen and electrons from the external circuit to form water. The cell voltage is typically 
on the order of 0.6 - 0.8 V depending on the operating temperature and current density. 

The evolution of PEM fuel cell technology is well advanced for operation on pure 
hydrogen at 90°C or below. Below 60°C, sulfonated hydrocarbon membranes have 
adequate lifetime and performance for many applications1. For operation in the 70- 
90°C region, perfluorinated2 or partially fluorinated3 sulfonic membranes give very good 
performance and long operating life. 

In general, there is a trade off between conductivity, which depends on ionic content 
and hydration, and strength, which depends on the continuous hydrophobic, 
amorphous region and the crystallinity. The hydration is important for two reasons. 
Water ionizes the acid groups and provides for the transport of the protons as H30

+. 
The water also swells the ionic clusters and increases the connective channels through 
the hydrophobic polymer matrix. Below 90°C, conventional sulfonic functional 
membranes are highly hydrated and highly conductive. Above 100 °C, these 
membranes dehydrate and the resistance to proton transport increases due to the loss 
of both hydration and connectivity through the membrane4,5,6. The high temperature 
conductivity would be enhanced if more functional groups were incorporated into the 
polymers but physical strength would be reduced. 

UTILIZATION OF ALTERNATE FUELS. 

Reformer Hydrogen & CO Poisoning 

One approach to the problem of hydrogen generation is to reform a hydrogen rich fuel 
to form hydrogen, carbon dioxide and carbon monoxide. The level of carbon monoxide 
is a key factor in the cost-effective utilization of reformer hydrogen. The catalytic 
activity of platinum is reduced by the presence of CO even in the low ppm range. 
Tolerance to CO can be increased in a number of ways including addition of air to the 
reformer feed and/or adding ruthenium to the catalyst. Each of these extracts a cost 
and/or performance penalty and still provides only limited tolerance to CO. Reducing 
the CO to low levels requires an additional step in the reforming process and thus 
increases the cost and complexity. 

Catalyst sensitivity to CO poisoning is inversely proportional to operating temperature. 
The higher the operating temperature, the less sensitive typical catalysts are to CO 



poisoning. Thus the temperature limitation of current membranes is an important factor 
in limiting the tolerance of CO in the fuel. 

Direct Electrochemical Oxidation 

If methanol is fed directly to the anode side of a PEM fuel cell, a voltage is produced. 
However, even the best catalytic electrode gives7 only about 440 mV at 300 mA/cm2 

below 100°C. Also, the fuel efficiency is drastically reduced by the phenomena of 
crossover. Methanol and water are miscible. Thus, a highly hydrated proton exchange 
membrane rapidly transports the methanol from the anode to the cathode where it is 
oxidized directly to produce only heat. 

Thus, it is clear that limitations of current proton exchange membranes and membrane 
electrode assemblies are a significant impediment to the utilization of alternate fuel. 



Executive Summary 

The current state-of-the-art MEA for hydrogen-fueled PEM fuel cells is a fluorinated 
sulfonic acid membrane laminated to a catalytic platinum electrode. Operating in a 
highly hydrated environment below 90° C on pure hydrogen, these MEA's have 
demonstrated high efficiencies and long operating life. However, these MEA's have 
serious limitations for utilizing alternate fuels. For this conference, the organizing 
committee decided to focus on the two most promising alternate fuels - reformer 
hydrogen containing carbon monoxide and direct methanol. The Working group topics 
were chosen to address the most important limitations: 

Working Group Topics- 

Working Group A addressed the problem of membranes designed for high temperature 
operation. The potential advantages of high temperature are clear. They include 
improved electrode kinetics (CO tolerance), advantages in system integration and 
waste heat recovery, reduced methanol crossover in the low hydration environment, 
and potential for internal reforming of methanol. The challenges are equally clear. The 
Group considered three major problems that must be addressed in the design of 
membranes for high temperature operation: Conductivity at low relative humidity; 
chemical stability in an aggressive oxidative environment; and physical stability. Their 
recommendations for the most promising avenues of research are summarized below. 

Working Group B addressed the problem of membrane barrier properties with the focus 
on methanol crossover. The problem of methanol crossover is a fundamental one for 
current state-of-the-art membranes. Good proton conductivity is dependent on high 
hydration. Methanol is highly soluble and highly mobile in this hydrated environment 
and is easily transported across the membrane to the cathode. Their recommendations 
are outlined below. 

Working Group C addressed the structure-performance of the membrane electrode 
assembly. Alloy catalysts such as platinum/ruthenium are key part of improved 
resistance to CO poisoning and direct oxidation of methanol. Performance is affected 
by the structural features of the catalyst from the atomic level up to the meso-scale 
structure of the catalyst-membrane interface. Their recommendations identify the need 
for a better fundamental understanding of both electrocatalyst structure and electrode 
structure in order to improve the design of the membrane electrode assemblies. 
Improved catalysts for both anode and cathode are needed. 

Group A Recommendations 

♦   High temperature, low hydration conductivity 
.    Polyprotic acids 
.    Novel super acids 



.    Alternate proton acceptors 

.    Composites & blends 

.    Improved models of conductivity & morphology needed 

♦ Maintain chemical stability of polymer backbone 
.    Fluorocarbon 
.    Deactivated aromatic 

♦ Maintain physical stability (dimensional) 
. Composites & blends 
. Chemical crosslinking 
.    High Tg or semi-crystalline materials 

Group B Recommendations 

♦ Improved selectivity for proton flux relative to methanol 
.    Asymmetric membranes 

- Thin, highly selective layer 
.    High-temperature membranes 

- Low hydration, low MeOH solubility 
- MeOH vapor feed 

.    Composite membranes 
- Inorganic conductor 
- Lower hydration 

Group C Recommendations 

♦ Electrode Structure 
.    Systematic characterization needed 

- Physical & mathematical model 
- Correlate materials/fabrication/performance 

.    Integrate nano-engineered materials into meso-scale electrode structure 

♦ Characterize Pt/Ru catalysts 
.    Unsupported for direct MeOH 
.    Supported for reformate 

♦ Optimize new Pt/Mo catalysts 

♦ New oxygen reduction catalysts 
.    Currently 200-300 mV loss 



Summary. 

All three groups concluded that membranes that operate at temperatures above 100° C 
with low hydration should be a primary focus of future research. This will require a 
conduction mechanism not dependent on the membrane being swollen with water. The 
higher temperatures would enhance electrode kinetics and reduce sensitivity to catalyst 
poisons such as CO. If the membrane is not highly swollen with water, the problem of 
methanol crossover should be substantially reduced. 

It is important to note that most of the recommendations here involve questions of 
fundamental science rather than technological implementation. Working Group C 
structured their recommendations in terms of short- and long-term goals with the "short" 
including up to 5 years. There are some promising new materials on the horizon today 
but most of the recommended research initiatives will require a sustained effort. 



REPORT ON WORKING GROUP DISCUSSIONS. 

Working Group A. Dr. Darrvl DesMarteau. Chair 

Working Group A considered many options and suggestions for improving proton 
conductivity in membranes at higher temperatures and lower humidity. 
I. We considered the greatest advantages of going to higher temperature to be: 

• Ability to have higher performance operating on reformate. 
• While direct methanol does not require higher temperature, methanol cross 
-over may be decreased by higher temperatures and lower humidity. 
• Potential for internal reforming of methanol. 
• Minor gains in heat removal. 
• Useful waste heat. 

II. The major disadvantages of higher temperature operation were considered to be: 
• Decreased conductivity at higher temperatures due to lower hydration. 
• Decreased membrane stability for polymer based membranes, especially 
membranes containing aliphatic hydrogen. 
• Decrease in desirable mechanical properties of membranes and resistance to 
plastic deformation. 
• Increased crossover / permeability of H2 and 02. 

III. Numerous issues relating to proton conductivity in membranes were considered. It 
was concluded that based on the state of knowledge at present and the currently 
available acid functions, water is required for effective proton transport and the number 
of water / proton is greater than 1 and probably greater than 5. It was concluded that 
increasing the acidity of the acid functions in the membrane material could increase 
proton conductivity at lower hydration and increased self ionization of the acid functions 
could lower the water dependence. However, it was generally agreed that some 
acceptor (water or other) is required to promote proton transport. 

In considering higher temperature operation we considered several temperature 
domains: 

• < 90C: current situation for PEM FC, existing sulfonic acid based polymers 
work well. 

• 90-100C: significant gains in performance but current membrane materials 
begin to dehydrate and conductivity decreases for ambient or low-pressure operations. 

• 120-150C: PROX requirements are decreased for elimination of CO in 
reformate, possible or potential useful waste heat. Hydration and proton conductivity 
become major issues. 

• 200C: Useful waste heat, PROX requirements eliminated. Catalyst support 
stability becomes an issue and proton conductivity in membrane materials will be 
difficult 



Possible solutions to effective higher temperature operation of PEM FC were based on: 
• Chemical stability under FC operating conditions are most likely to be 

demonstrated by deactivated aromatics and fluoropolymers. 
• New acid functions capable of maintaining hydration at elevated temperatures 

such as polyprotic acids. 
• Composite membranes based on hydrophilic materials supported in an 

ionomer. 
• Hybrid anion exchange membranes such as phosphoric acid doped 

heteroaromatics as the backbone polymer or as pendant functions in ionomers. 
• New very strong acids containing very weakly coordinating anions as a basis 

for mitigation of water in proton transport. 
• New concepts for development of hydroxide anion exchange materials as 

alternatives. 
• Better understanding by modeling and theory of proton transport in PEM's. 
• Polymer blends for improved mechanical properties and/or alternative proton 

acceptors to promote proton transport. 
• Low EW polymer membranes utilizing crosslinking for better mechanical 

properties. 
• The effect of polymer morphology on water structure and conductive 

pathways. 

Working Group B. Dr. Ed Cussler. Chair. 

Decoupling Proton Conductivity and Methanol Crossover 

This group was to explore how current membrane structures could be improved to 
make them more methanol impermeable while retaining proton conductivity. We were 
to discuss different chemical structures, different testing procedures and targets by 
which we could judge progress. We were also to explore where we are currently 
ignorant, i.e. where additional research effort is indicated. 

The meeting was co-chaired by Ed Cussler, University of Minnesota, Joan Bartelt, 
Dupont, and Peter Pintauro, Tulane University. 

We met three times. The first two meetings were devoted to deciding what we believed 
the current situation was and where we believed we were ignorant. The third session 
aimed at answering more specific questions put to us by the organizers. Jokingly, we 
referred to the first two sessions as a search for truth and the third session as a 
concession to reality. 

Session #1: The Search for a Better Membrane 

8 



This session was a wide-ranging discussion aimed at new membranes. In this 
discussion, we implicitly adopted two axioms. First, we assumed that whatever 
membrane we chose would not cause problems with the catalysis: The catalysts could 
be easily bound to the membrane or protected from the membrane. One way in which 
we imagined this protection was to put any new membrane as the meat in a sandwich 
made of Nafion.   The new membrane was the meat inside the sandwich: the Nafion 
was the bread on the outside of the sandwich. 

Our second axiom, suggested by Figure 1, underscored our expectation that proton 
conductivity and methanol resistance would be inversely related. For example,. Nafion 
and polyvinyl alcohol show dramatically different conductivities and methanol 
resistances, but their selectivity, the product of these two, is actually about the same. 
We sought a membrane with a better selectivity, i.e., both with a high proton 
conductivity and a high methanol resistivity. 

Figure 1 
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Our discussion of the solutions to this problem centered on the role of water in the 
membrane. Here our opinions differed widely. We could not even decide whether we 



wanted excess water or very little water. This lead us to explore a wide variety of 
alternatives implying different amounts of membrane hydration. Among the alternatives 
we discussed were, in order of water content, a Nafion with more charged groups; a 
polyvinyl pyrolidene, which would be protonated under operating conditions; 
polybenzimidizol, the most attractive of the current membranes; composite membranes 
containing silica structures like MCM-41, as synthesized by Mobil; and composite 
membranes of inorganic oxides, like those of antimony. While we did struggle with the 
mechanisms in this extremely broad variety of membranes, we did not come up with 
any cogent conclusions. We did recognize that we were discussing primarily 
differences in transport rates and how they might lead to superior selectivity. 

We also discussed membranes which might have altered equalibria and hence exclude 
methanol not on the basis on rates but on the basis of equilibrium solubility. This 
discussion included a variety of non-aqueous materials and of materials that might not 
be wetted by methanol. One of the more intriguing was an imaginary "super hydrophilic 
material" which would somehow dissolve water but not methanol. 

Other aspects of our discussions were less organized but equally important. We were 
concerned with membrane start up, especially where we imagined operating the 
membranes at high temperature. We fussed about chemical degradation of our new 
selective membranes even when they were presumably protected by Nafion coatings. 
And we were worried about the problem of catalysis attachment even though we more 
or less agreed to defer this issue while we sought new membrane chemistries. 

Session #2: Our Wish List 

The second session used as its focus one question from each of the participants. 
These questions were a list of what we most wanted from the meeting. In other words, 
they were the questions that we most hoped the meeting would answer. 

Interestingly, these questions, given verbatim in Appendix A broke into three groups. 
The first group was desire for better understanding of the membranes that we currently 
have. The second group sought a more effective membrane chemistry. And the third 
group asked for a criterion for success. Each of these groups of questions was then 
discussed in detail. 

What understanding is needed? 

Our most impassioned discussions centered on this issue and in particular on the 
mechanism of proton transport. Proton transport almost certainly occurs by two parallel 
routes. The first of these is, "jump" or Grotthuss mechanism assumes a proton adds to 
one side of a water molecule and causes a proton to jump off the other side of the 
molecule. (I recognize that I'm oversimplifying this mechanism, that it involves chemical 
reaction, molecular rotation and bond bending). The second proton transport 
mechanism, a "vehicle" mechanism, assumes a proton adds to a water cluster, as H3O 

10 



or H7O3 , and then diffuses intact. Methanol presumably diffuses only by a vehicle 
mechanism. As a result, our goal was to shut down both vehicle mechanisms, but to 
allow the jump mechanism to continue unaltered. 

Our discussion was impassioned. We argued chemical details, and we suggested 
experimental methods that might be appropriate for this study. Two points seemed to 
have special value. First, methanol and for that matter diethyl ether, can serve as a 
stronger base then water itself. This implies that methanol may compete as a vehicle 
for proton, and could explain the apparent correlation of methanol transport and proton 
conductivity. NMR spectra apparently can show the relative importance of the jump 
and vehicle mechanisms. If so, NMR can be a valuable screening technique for future 
membranes. 

What a better membrane would be? On this topic we had more conflicting opinions 
than participants. Everyone had his own favorite new membrane. New chemistries 
frequently depended on additives within existing membranes: dendrimers, zeolites, and 
inorganic ion exchangers. Other membranes took physical changes as the key to 
progress. These included putting Nafion or other conducting polymers in aerogels to 
inhibit swelling, making polystyrene sulfonate-Nafion sandwiches, and building 
membranes with highly conducting flakes. The discussion contained an enormous 
number of creative ideas, though these ideas were rarely described in sufficient detail 
to allow careful evaluation. They seemed rather like an orchard whose fruit is far short 
of being ripe. 

What is Success. On this third topic we reached much more definite conclusions. We 
decided that our standard for success should be a membrane that was ten times better 
than Nafion 117. By better, we mean that its selectivity is ten times better. It could have 
a conductivity ten times less than Nafion if it had a methanol permeability which is 
reduced by more then ten times. 

Session #3: More specific goals. 

In the third session, we switched to the more specific challenges required to make 
methanol fuel cells effective. Our three more specific challenges dealt with how fuel 
cells would develop for different sizes and missions, for the factors limiting the potential 
of PEM fuel cells and for the best targets for further research. The variations of size 
and mission were a problem that our group did not tackle effectively. We didn't know 
enough about it and we didn't know what the technical challenges would be. For 
example, we felt that we could answer the question of how a membrane would have to 
be altered if it were operated at 20° C higher temperature, but we did not know if a 
temperature increase of 20° was indicated. 

We did much better on the limits of the PEM fuel cells. We felt that the goal of ten 
times better selectivity, suggested in our second session, was obtainable within five 
years. We also felt that a more ambitious goal would be ten times better selectivity at 

11 



120° C. Such improved selectivity would reduce problems with carbon monoxide and 
hence make the direct methanol cell more attractive relative to reforming the methanol 
as hydrogen. Our group was remarkably sanguine about these goals, perhaps naively 
so. Still, they were almost unanimously felt to be reasonable. 

Finally, we turned to the question of future research. This research hinged on the 
selectivity of the membranes in these fuel cells. Because the selectivity ß has not 
always been carefully defined, we used the definition: 

ß = 
D, !d£l 

DCHWKCHIOH ]pH3OH\ 

where DH and DCH30H are the diffusion coefficients of protons and methanol within the 

membrane, respectively; [H ] is the concentration of hydrogen within the membrane; 

and KCH30H is the partition coefficient of methanol into the membrane and [CH3OH] is 
the methanol concentration outside the membrane. This definition allowed us to focus 
our discussion on rate processes - the diffusion coefficients-versus equilibrium 
properties - the proton and methanol concentrations. While we were concerned that 
our discussions emphasized rate processes at the expense of equalibria, we had more 
ideas about rate. 

But as our discussions developed, they took on a somewhat surprising tone. We 
realized that we lacked fundamental information about how these fuel cells operate. 
We didn't know what the different mechanisms were. Our methods of membrane 
development - our favorite inventions - often were really guesses without a lot of careful 
thought. As a result, we came down wanting to know more fundamental information 
about existing transport processes within these fuel cells. We felt that this fundamental 
information could accelerate our development of more applied and more effective fuel 
cells. 

Appendix A: Our Wish List 

• CH3OH fuel cell which works at a higher temperature using gaseous form of 

CH3OH. 

• Change the characteristics of CH3OH so that it does not migrate through the 
membrane. 

• Selectively modify the functional groups of the membrane so that the cross-over 

rate of CH3OH is decreased. 

• Put some coatings on the membrane to decrease cross-over. 
• Can we construct an integral asymmetric membrane with low porosity/low 

conductivity/low methanol permeability layer within (not at surface) a membane from 
a single casting solution? 

12 



Can one use interfacial polymerization to construct such an "internal" barrier? 
H+ is charged; CH3OH is not. Why aren't we able to pass one in a membrane 
without blocking the other? 
How to modify conductive channel of PEM to repel/hold methanol water and H  to 
move. 
What is the ideal channel diameter and how to orient them? 
What about methanol? I.e., Is there a difference in the way methanol and water 
interact with Nafion? 
Recent data suggest that a substantial amount of methanol enters the hydrophobic 
region.   Blasphemy? Reconsider the backbone. 
If we wanted to use some kind of molecular engineering to design a MEA for a 
"liquid-fuel" fuel cell: 

1) Should we do CH3OH or look at other fuels? 
2) What kind of theory/modeling do we bring in? 
3) What kinds of generalities in self-assembly or super molecular chemistry are 

known that would help guide us? 
Some way of incorporating conductive inorganic materials in membrane to replace 
-SO3H group? 
Developing a composite polymer possessing non-sulfonic conductive organic 
functional groups? 
Composite organic/inorganic membranes with selectivity and oxidation resistance? 

Selectivity for H2O over CH3OH 
Peroxide resistance via additives (e.g. "Vitamin E") 
Possible addition of suitable inorganic atoms on polymer chains 
Nanophase adducts. 

Can CH3OH transport through PEM be modulated via a "CH3OH sponge"? 
Crazy idea: Use methyl acetate in feed with water; CH3OH released on hydrolysis & 
oxidized @anode; (what to do with CH3COOH?) re-esterify waste CH3OH? 
Is it possible to make a membrane without water that would still be proton 
conducting? 
Can you alter the property of membrane bound water such that it would be 
conducting with methanol? 
Can we define the proper metric for this cross-over phenomenon? I don't believe it 
is strictly CH3OH permeation, but a measure of overall fuel efficiency or power 
output. 
I wish I could have a screening test to select promising candidates for a CH3OH 
impermeable layer. 
Wish to separate PEM's into CH3OH, liquid or gas, at high T and H2 PEM for 
<100°C as two different products. The H2 product as latter stage development and 
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the CH3OH product is in conceptual stage. Could look at it as an improvement over 
both PEM & phosphoric acid. 

Work Group C. Dr. Robert Savinell. Chairman 

We had lively discussions over the last two days - lot of opinions & thoughts aired. We 
have distilled them down to the eight attached slides. 

Recommendations come in two categories: The issues related to catalyst used in 
MEA's and the issue of the electrode structures of the MEA's containing the catalyst. 
Depending on the process used, the MEA may include a backing material such as the 
carbon paper. The recommendations are grouped into short term (2-5 years) and 
longer term. 

It is important to understand that electrode reproducibility is typically on the order of 
±15%. Using the same procedure, different individuals and different labs will fabricate 
electrodes that vary significantly. 

MEMBRANE ELECTRODE ASSEMBLIES. 

Our consensus is that Nafion MEA structures are well developed with efficient 
utilization of catalyst. However, the details of microstructure and nanostructure of 
these electrodes are not well defined, and the study and optimization of each new 
candidate component of an MEA is still a matter of trial an error composed of both art 
and science. 

Short Term Recommendations: 

1.  A systematic and thorough characterization of the state-of-the-art anode and 
cathode structures for both liquid fed and gas fed electrodes is needed. Each 
combination has different characteristics and problems.   This should lead to an 
understanding of a physical model of the form and distribution of the materials in 
the electrode structure. This physical understanding should lead to a mathematical 
model that takes into account the basic material properties, geometric factors, etc. 
to allow one to elucidate and correlate material properties with the fabrication 
method leading to the high performance electrodes. 

This recommendation includes the concept of understanding and evaluating the 
various layers and components of an MEA independently. For example, the 
fundamental properties of the ionomer incorporated with the anode catalyst, e.g., 
surface tension, wetting properties, glass transition temperature, etc. will influence 
the optimum fabrication method leading to the ideal three-dimensional structure for 
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a high performance anode. The anode layer must then form an interface with a 
membrane that may be the same or different ionomer. Finally on the other side of 
the membrane, we have the cathode catalyst and ionomer, both of which may be 
optimally different from those in the anode. 

2. One specific problem that needs to be addressed short term is that of water flooding 
in cathodes. This is a significant problem for direct methanol systems in which you 
are feeding methanol-water to the anode. 

3. While the flow field is not a part of this Workshop, the optimum flow field design is 
probably interactive with and dependent on the electrode structure. Therefore, 
characterization and optimization of the flow field design should be carried out 
concurrently with that of the electrodes 

Long Term Recommendations: 

1. Develop and integrate nano-engineered materials into the meso-scale electrode 
structure.   Currently, standard electrode structures are a fairly random 
agglomeration of materials. Integrating a more uniform support structure such as 
an aerogel, etc. would potentially enhance the performance and reproducibility of a 
designed electrode structure. 

2. Develop new backing materials and structures to replace the carbon paper typically 
used today. Perhaps the gas distribution and electrical conductivity functions of the 
backing paper could be integrated into an extended electrode structure. 

3. Eliminate micropore structures in electrodes. Micropores are not accessible to 
electrolyte, so catalysts on surfaces within micropores are not utilized. 

CATALYST. 

The state-of-the-art in direct methanol and CO tolerant catalysts is platinum-ruthenium 
although lower cost Pt/Mo combinations have shown promise. The optimum state-of- 
the-art for Pt/Ru is very fuel dependent. For reformate, supported Pt/Ru catalysts work 
best, but for direct methanol, high loadings of unsupported Pt/Ru catalysts are 
preferred. Further, incorporation of ionomer in the electrode is not beneficial to the 
performance of the unsupported Pt/Ru. We see a performance limit at about 150 mV 
positive of the hydrogen reference for methanol oxidation. Adding to the complexity of 
the current state-of-the-art is the variation in catalyst made by different vendors. 

The purity of methanol that would be available through bulk commercial distribution is 
another concern for the future commercialization of direct methanol technology. 
Another concern raised that related to the eventual commercialization of direct 
methanol was that of the effect of impurities. In the laboratory, we tend to use reagent 
grade chemicals for research purposes. In the real world, bulk methanol will be used 
and it will not be made and transported in glass. There will be numerous opportunities 
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for contaminants and impurities that could affect performance of the fuel cell both short 
and long term. 

On the cathode side, there exists a 200-300 mV over potential even in pure hydrogen 
systems that is perhaps the largest inefficiency in fuel cell systems. 

Short Term Recommendations: 

1. Characterize state-of-the-art Pt/Ru catalyst for both reformate and direct methanol. 
2. Elucidate the role of the hydrous oxide coating in the conduction of protons in the 

catalyst layer and the effect of processing temperature on its formation. 
3. Establish specifications for catalyst quality based on the above characterization. 
4. Determine the effect of impurities in commercial methanol and establish tolerance 

levels. 
5. Optimize Pt/Mo for CO-tolerant anodes and elucidate the mechanism by which Mo 

functions. 

Intermediate Term Recommendations: 

1. Development of engineered nano-particles with controlled geometry and particle 
size. 

2. Develop electrochemical and spectroscopic techniques for in situ and ex situ 
characterization of electrode structures. 

3. Elucidate structure-performance relationship. 

Long Term Recommendations: 

1.  Fundamental studies of anode catalyst systems 
a. Pt/Ru and other binary and ternary catalysts. 
b. Combine experimental and computational studies of electronic effects. 
c. Structural effects of well defined crystal planes and methods of maximizing 

the most active crystal planes in nano-particles in the electrode. 
1.  Fundamental studies of oxygen electrocatalysts. 

a. Understand and overcome the 200-300 mV of cathodic overpotential. 
b. Develop methanol-tolerant cathode catalysts. 
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Slide 1 

Slide 2 

Work Group C 

Membrane Electrode 
Assemblies: 

Structure & Performance 

Perspective 

Short term (« 2 yr.) & long term 
(«lOyr.) 
Electrode Structures (MEA) 
Catalyst 
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Slide 3 

Systems 
Chemistry - Physics 
Performance - Cost 

/ \ 

Materials 
Characterization 

Molecular 
Mechanistics 

\ / 
MEA Structures 
Characterizations 

/ \ 
Fabrication Methods 

& Techniques 
Macro-system 
Performance 

Slide 4 

Electrode Structure 
Short Term Needs 

A: A Systematic & thorough characterization 
of State-of-the-Art MEA's. 

Development of a physical and mathematical model. 
- Includes basic material properties & geometrical 

factors 
- Elucidate & correlate material properties with 

fabrication method for high performance electrodes. 

Outcomes ^ 

- Improved MEA Manufacturing Process 
- Enhanced Reproducibility 
- Establish basis for new material evaluation. 

B: Eliminate water flooding of cathode 

C: Optimize gas backing / flow-field 
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Slide 5 

Slide 6 

Electrode Structures - 
Long Term 

Integrate nano - engineered 
materials into meso-scale 
electrode structures. 

Alternate backing materials 

Eliminate micropore structures 
to maximize catalyst utilization 

Catalysts - Short Term 

Characterize state-of-the-art Pt/Ru 
catalyst 
- Supported (refoimate) & unsupported 

(dir. MeOH) 

- Elucidate role of hydrous oxide proton 
conduction 

- Determine effect of processing 
temperature 

- Establish specifications for catalyst 
quality. 

Establish tolerance level to impurities 
in commercial MeOH. 

Optimize Pt/Mo for CO tolerant anode 
- Mechanistic studies 
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Slide 7 

Catalysts - Short Term 
(cont.) 

Engineered nano-particles and 
electrochemical evaluation 

- Control geometry & particle size 

- In situ & ex situ spectroscopic and 
electrochemical techniques 

- Structure - performance 
relationships 

Slide 8 

Catalysts - Long Term 

Fundamental Studies: 

- Electronic effects of Pt-Ru & 
other binary and ternary catalysts. 

- Experimental + computational 
methods 

- Structural effects 
• Well defined crystal planes 

• Nano-particles 

Oxygen electrocatalysis 

- eliminate the 200 - 300 mv loss 
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Workshop Agenda 

Advanced PEM Fuel Cell Membranes and MEA's for Non- 
Conventional Fuels. 

April 28-May 1,1998 
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Conference Center 
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ARO perspective Dick Paur ARO 
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Systems - Overview 

Henry Brandhorst AUSPI 
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Energy Applications" 

Advanced components for 
PEM fuel cells 

Joan Bartelt 

Greg Rusch 

Dupont 

Gore 

April 29: Continental Breakfast       7:00-8:00 

Wednesday Morning 8:00 - 12:30 April 29 

MEA Fundamentals Shimshon Gottesfeld LANL 

Structure of the Pt/Ru 
Catalyst for DMFC 

Andrzej Wieckowski U. of 111 
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Ionomer Solutions 

Investigations of Electrocatalyst 
Membrane Interface 

Michel Pineri 

Sangev Murkerjee 

CEA (France) 

BNL 
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Modeling of Ionomer Membranes      Tom Zawodzinski 

Pervaporation Membranes In 
Direct Methanol Fuel Cells 

Direct Methanol fuel cells 

Ionomer/Sol-gel Nanophase 
Composites 
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Evaluation of Sulfonated 
Polyimides in PEM Fuel Cells 

Phos Acid-polyimidazoles 

High Temp Functional 
Perfluoropolymers 

Michel Pineri 

Bob Savinell 
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CEA (France) 

Case Western 

Clemson U. 
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High Temperature Fuel Cell Ravi Datta 

Phospazine Ionomers/Direct MeOH   Peter Pintauro 

U. Iowa 
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April 30: Continental Breakfast       7:00-8:00 

Thursday Morning 8:00 -12;00 April 30 

Stability of PEM Membranes: Charlie Martin Clemson U. 
Chemical, Thermal & Physical 

Working Group Discussions 

Thursday Evening 7:00 - 10:00 April 30 

Working Group Discussions 

May 1: Continental Breakfast 7:00-8:00 

Friday AM 8:00 - 12:00 May 1  

Working Group Summary All 8:00 - 9:30 
Report Preparation 

Reports from Session Chairs 9:30 -12:00 
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Army/DARPA Power Perspective 

Dr. Richard J. Paur 
ARO / Electrochemistry & Advanced Energy Conversion 

Dr. Robert Nowak 
DARPA/DSO 

The modern soldier needs significant electrical energy to power the various pieces of 
electronic gear that he carries. Battery technology is relatively mature, and there is little 
reason to expect any dramatic increase in the energy density of batteries in the future. 
Development of power sources with significant improvements in energy density will 
almost certainly require the use of fuels such as hydrogen, methanol, or hydrocarbons. 
These fuels, when reacted with oxygen from the ambient air, can produce 10-100 times 
the energy of battery chemistry. To make use of this energy, we will have to develop 
light weight energy conversion systems - for very light converters, the energy density of 
the system will approach that of the fuel. 

Among the most highly developed small, quiet energy converters are PEM fuel cells. 
The hydrogen/air fuel cells are available in 15-150 W sizes, which covers the power 
ranges likely to be needed by the soldier. The polymer electrolytes used, typically 
Nation or some other perfluorinated membrane with sulfonic acid ionic sites, can 
function over most of the desired temperature range and in all but the driest climates. In 
very dry air, and particularly at higher temperatures, dehydration of the membranes can 
lead to loss of ionic conductivity. For direct oxidation of methanol fuel cells, the 
*standard' membrane electrolytes suffer from the fact that they are quite permeable to 
methanol. The result is loss of fuel and interference with the function of the cathode 
catalysts. 

We hope that this workshop will be able to suggest promising avenues of research for 
improved membrane electrolytes for the small fuel cells that may give our soldiers the 
improved power sources they need. 
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Navy Fuel Cell Research and Development Programs 

Richard T. Carlin 
Program Officer, Electrochemistry S&T Program 

ABSTRACT 

Fuel cells provide a unique opportunity to enhance the performance of future 
Navy platforms while concurrently meeting affordability and environmental quality 
demands. A major focus of the Navy fuel cell applied research and advanced technology 
development programs is ship service power, where output in the megawatt range is 
needed. For such shipboard applications, the fuel cell must operate on Naval logistic 
diesel fuels and provide quality power under stressful at-sea conditions; therefore, current 
research components include diesel reforming, sulfur removal/tolerance, shock/vibration 
testing, and systems modeling. The Navy also is integrating its shipboard program with a 
land based 250 kW PEM advanced development program being performed in 
collaboration with industrial and academic partners. As fuel cells become ingrained in 
the Navy's power technology, platform designers will look for increased fuel cell 
performance at lower costs. These future Naval capability options can only be realized 
through innovations from the S&T research community. 

SLIDE NARRATIONS 

Slide 1. Fuel cells are envisioned as clean, cost-effective power sources for Naval ships, 
land based facilities, and a variety of undersea platforms. 

Slide 2. Academia, private industry, and Navy and other federal laboratories form the 
transitional bridge between S&T and future Naval mission capabilities and technology 
options. The Office of Naval Research ensures that this critical interconnect is 
maintained by recognizing and promoting S&T opportunities and maintaining support of 
S&T areas for which the Navy has assumed national leadership and responsibility. 

Slide 3. At the present time, ONR has two ongoing applied research and advanced 
technology development programs examining fuel cells as power plants for ships and 
land based facilities. The first of these addresses the technical issues arising from 
operating commercial fuel cell technologies under the harsh conditions encountered in a 
marine environment. The second is evaluating a prototype land-based PEM fuel cell as a 
facilities power plant. As advances in fuel cells continue, opportunities to apply 
appropriate fuel cell technologies to other Navy platforms will arise, while adaptation of 
air-breathing fuel cells to undersea operation remains a technological challenge. 

Slide 4. In terms of fuel utilization efficiency, fuel cells outperform gas turbines across 
all load levels. Even advanced designs, such as the intercooled recuperated gas turbine, 
can not match the overall performance of a PEM fuel cell. 
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Slide 5. Fuel cells operate with higher efficiencies and at lower temperatures than gas 
turbines and diesel engines. Therefore, they dramatically reduce emissions of NOx, CO, 
and unburned hydrocarbons, while decreasing CO2 release by approximately 30%. These 
benefits lead to lower ship operating costs, reduced environmental impact, and decreased 
ship signature. 

Slide 6. Because the Navy operates worldwide, fuel cells on Navy ships must utilize 
marine diesels as the primary fuel. This requirement leads to new challenges in fuel cell 
tolerances, reformer operation, and system integration and performance - all of which are 
being addressed in ONR's ship service fuel cell program. 

Slide 7. The electrochemistry basic research program at ONR provides a fundamental 
understanding of the phenomena that govern fuel cell performance, such as transport in 
polyelectrolytes and electrocatalysis. Moreover, the program seeks to expand the 
concepts of fuel cell generated electrical power by supporting research in advanced 
electrochemical materials and promoting the application of nanometer scale designs to 
device concepts. 

Slide 8. Electrochemistry at ONR is an integrated program in which basic research and 
technological advancement join to transform scientific understanding into future electric 
power sources. 
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Diesel Fuel Utilization, lb/HP»Hr 
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NOx Content, ppm 
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THE ARMY AFTER NEXT 
Intertwining Military Art, 
Science, And Technology 
Out To The Year 2025 
By MG Robert H. Scales Jr. 
and Dr. John A. Parmentola 
Army RD&A May-June 1998 

Introduction 

The Army After Next (AAN) Project Office at Headquarters, U.S. Army Training and Doctrine Command (TRADOC) 
is con-ducting broad studies of future warfare for the year 2025 timeframe. The purpose is to isolate the issues vital 
to the develop-ment of the Army. The vision generated from these studies will be integrated into future TRADOC 
combat developments programs. 

Several important dimensions motivate the focus on the 2025 timeframe for AAN. First, given our available lead time 
and the rapid pace of economic development in a number of evolving countries, it is likely that the United States will 
encounter a major military competitor or, at the very least, con-front significant asymmetric threats in this period. 

Second, the year 2025 enables military art and technology experts to divert their thinking from concepts and 
capabilities associated with the pro-grammed force of Army 2010 to more novel approaches to achieve the AAN 
vision. It also provides ample lead time to incorporate innovative technologiesand unanticipated revolutionary 
discoveries into this vision. 

Finally, it provides an opportunity to refocus Army basic and applied research on efforts that have significant potential 
for advancing critical AAN enabling technologies. Thus, TRADOC • s AAN efforts will enable the Army to refine its 
choices as a function of time and optimize its investment decisions to achieve critical AAN warfighter capabilities. 

This article describes the assump-tions, arguments, and challenges that form the basis for conceptualizing the 
Army • s warfighting capabilities out to the year 2025 and the science and tech-nology support and activities that will 
enable the Army to eventually realize these capabilities. 

Speed, Knowledge And The 
Lessons Of History 

Cycles of change in warfare are particularly difficult to comprehend and even more difficult to anticipate because, 
unlike endeavors in finance, medicine, or law, active experience in war is, thankfully, infrequent. Because warfare is 
not frequently practiced, soldiers must rely on the laboratory of past experiences to gain vicarious experience in war. 
To be sure, the frenetic pace of technological change in the modern world has compressed the interval and 
stretched the amplitude of the cycles of change. Nonetheless, undeniable cycles remain and we should be able to 
search the recent past to identify new cycles. 

With the rise of industrial production and the appearance of precision warmaking machinery such as rifled weapons 
in the mid-19th century, tech-nology began to dominate patterns of change. Such weapons extended the deadly 
zone, or the distance that sol-diers had to cross to engage a defender, from 150 meters in Napoleon »s day to 
1,000 meters or more by the end of the American Civil War. As the deadly zone increased by nearly a factor of 10, 
the risks of crossing it were further multi-plied by the lethality induced through the precision and volume from the 
massive proliferation of repeating arms. Thus, technology favored the defender. Images of the terrible slaughter of 
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World War I remain as testimony to the cost in blood exacted by an operational method that relied on a killing effect 
to achieve decisive results. 

The Germans first conceptualized the solution in 1918, and it was deceptively simple: short, highly intense doses of 
firepower to prepare the assault, small units to exploit the shock effect of fire-power to infiltrate and bypass centers 
of resistance, and operational formations to move through exposed points of weakness and push deep into enemy 
lines. After the war, the further development of the internal combustion engine provided the means to translate the 
theory into effective action and restore the dominance of the offensive. Motorized armored vehicles allowed soldiers 
to cross the deadly zone pro-tected by enormously greater speed while employing blitzkrieg to gain victory. This 
was achieved through psycho-logical paralysis induced by movement, 
rather than through butchery induced by massive application of firepower. 

After World War II, the challenge was to halt a Soviet-style blitzkrieg across the Northern German Plain. Tactical 
forces needed defensive killing power to absorb the initial Soviet-armored shock and hold their defensive positions. 
This led to the defensive forces • return to dominance. The operational problem, 
however, was to strike deep offensively to slow the rate of arrival of follow-on armored forces at the front line. The 
resulting AirLand Battle Doctrine of the 1980s suggested a swing of the pendulum back toward offensive forces. 
Operation Desert Storm added momentum to the pendulum swing with ground and air forces overwhelming static 
defenses with unprecedented speed and intensity. Nonetheless, even Desert 
Storm produced troubling hints that evolving defensive systems threaten to reimpose strategic and operational 
paralysis. Iraq «s SCUD missile attacks on Saudi Arabia and Israel, had they been more accurate or included 
chemical or biological warheads, might have strengthened Iraq • s defense considerably. 
The proliferation of such systems will substantially raise the stakes of future interventions. 

Two key attributes of future U.S. Armed Forces, if harmoniously devel-oped, would firmly re-establish the killing 
zone, deliver metal on target, and provide timely logistic support to the battleforce. To that end, information 
technologies will allow us to position outside the combat zone all but those forces necessary to move, observe, and 
kill. The imperative for speed in this new form of warfare begins at home ports, airfields, and installations. A highly 
lethal force, shorn of its Cold War impedimenta, will be able to project itself from the homeland or from strategic 
points overseas in days rather than weeks or months and arrive in the operational theater ready to fight. Strategic 
speed will allow theater war to take the form of a coup de main. Our goal in applying firepower must be to exploit its 
substantial paralytic effects to gain advantage. To win quickly and decisively at low cost in the future, we must have 
the means to conduct the battle quickly and end it cleanly, preferably at the moment when the dominance of the 
offensive forces. The information revolution will likely allow us to define and track the elements of a force with 
exquisite clarity and detail, but knowledge of the enemy, alone, is not enough. We must possess the means to act on 
what we know, and action depends on speed. The combination of knowledge and speed of movement will allow a 
future battle force to anticipate enemy movement and turn costly force-on-force engagements of past wars into surer 
and less costly engagements by choice. 

Much like the evolution of military and private sector capabilities in the 20th century, an important physical parameter 
influencing the Army After Next is the compression of time. For the Army, this means taking advantage of future 
advancements in information technologies while concurrently increasing speed or equivalent^ reducing the time 
required to strategically deploy, tactically maneuver, traverse the 
the killing zone, deliver metal on targe, and provide timely logistic support to the battleforce. To that end, information 
technologies will allow us to position outside the combat zone all but those forces necessary to move, observe, and 
kill. 

The imperative for speed in this new form of warfare begins at home ports, airfields, and installations. A highly lethal 
force, shorn of its Cold War impedimenta, will be able to project itself from the homeland or from strategic points 
overseas in days rather than weeks or months and arrive in the operational theater ready to fight. Strategic speed will 
allow theater war to take the form of a coup de main. 

Our goal in applying firepower must be to exploit its substantial paralytic effects to gain advantage. To win quickly 
and decisively at low cost in the future, we must have the means to conduct the battle quickly and end it cleanly, 
preferably at the moment when the paralytic effect of firepower is greatest. 

Victory is best guaranteed through maneuver of forces on the ground. Psychological collapse, the breaking of an 
enemy • s will to resist, comes when an opponent is challenged and blocked at all points. A commander with the dual 
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advantage of speed of maneuver and killing power will dominate the battlefield. If these two essential elements of 
combat power are orchestrated skillfully, an unfettered battle force will be able to strike multiple vital points 
simultaneously or in a sequence of their choosing. In a very short time, perhaps only hours, such a force would be 
able to quickly disintegrate an enemy • s warfighting structures, producing an unequivocal military decision with 
minimum cost. 

The fourth cycle of war, therefore, should seek to exploit the information age to increase the velocity of maneuver. 
Speed must be the essential ingredient of a future landpower force. Speed will be achieved by creating a highly 
mobile force unimpeded by terrain and unburdened by an agility sapping logistical yoke. To achieve the speed of 
maneuver necessary to wage 21st century knowledge-based warfare will require a new concept of mechanized 
warfare that will free forces of maneuver inhibiting restrictions. The exploitation of 
knowledge via increased air and ground mobility will rsult in unprecedented tactical and operational maneuverability. 

Such "air mechanized" battle units would be mechanized combined arms echelons of maneuver capable of air 
assault to operational depths to attack regimental size units and defend against division sized attacks. These units 
and the personnel and systems they contain will combine extreme speed with superior knowledge to provide precise 
maneuverability that takes optimum advantage of deadly accurate firepower. The employment of more 
maneuverable air mechanized battle forces in advance of potent Army XXI forces would create the capacity for 21st 
century strategic blitzkrieg. Once again, offensive forces would dominate warfare. 

Intertwining To The Year 
2025 And Beyond 
The process for intertwining military art and technology for the AAN is depicted in Firgure 2. This process is 
comprehensive, highly coordinated, and relies on significant levels of cooperation among its participants. It starts 
with the annual AAN strategic and tactical war games that explore and assess novel concepts of operations and 
capabilities and then pass through a number of coordinated technolgy activities and eventually feed back into the 
AAN war games. This nonlinear process continues until the AAN military art innovations and proposed supporting 
technologies and systems converge to a feasible, affordable, and militarily significant set of AAN capabilities. 

One important output of each yearly cycle of this process is a TRADOC approved short list of critical AAN enabling 
technologies that is used to establish new AAN Science and Technology Objectives (STOs) that directly involve 
private sector participation. This is designed to cultivate a growing private sector involvement in advancing 
technologies in support of challenging AAN capabilities. 

Very early in the AAN study process, the Army recognized that team building among the military art and technology 
experts was crucial to the overall success of the AAN effort. This observation led to the concept of Integrated Idea 
Teams (NTs). The objective of these teams is to assess, from a technological perspective, the concepts, 
capabilities, and notional systems, including tradeoffs, that support AAN operational characteristics and ideas 
developed through AAN war games. NTs are managed by the Army Materiel Command (AMC) through the Army 
Research Laboratory (ARL) and are composed of technical experts from Army laboratories, National Laboratories, 
the private sector, the Defense Advanced Research Projects Agency (DARPA) and 
the other Services, and academia, as well as those more involved in the military art side of the AAN. 

Once the I IT has developed such con-cepts, these notional system concept designs are then played in force-on- 
force/ system-of-systems high resolution modeling and simulation exercises conducted in collaboration with Rand 
Corp., the TRADOC Analysis Center (TRAC), TRADOC, the NT, and Office of the Assistant Secretary of the Army 
(Research, Development and Acquisition) (OASARDA). The purpose of this is to assess the military significance of 
these systems within a larger set of warfighting systems and to determine system performance parameters that 
make a difference on the battle-field. This effort recognizes that maximizing individual system performance does not 
necessarily result in a more capable and affordable system. 

The final step in this process is to assess the feasibility and affordability of selected concepts through a team of 
experts from the military laboratories, national laboratories, the private sector, and academia. The objective of this 
effort is to evaluate the NT notional sys-tem designs, in concert with the above force-on-force results, with respect to 
feasibility (laws of physics, maturity of concept, and schedule) and affordability 
(development cost, production cost, operations and support costs, and leveraging with the private sector and 
the other Services and agencies). This effort also provides positive feedback to the NT on their notional system con- 
cept designs. These assessments are then forwarded to TRADOC for review and assessment and the results are 
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used to decide on the role of these notional system concept designs in the next round of the AAN war games. 

An example of an emerging insight from the AAN war gaming that was fleshed out through the NT process is 
the concept of air mechanization, which was mentioned earlier. To achieve the requisite speed and agility, 
21 st century air mechanization will have to derive from new combinations of air and ground vehicles. A plausible 
option to provide the tactical and operational maneuverability required for the 21st century is to include an advanced 
airframe designed to be both a lifting and fighting vehicle. It would be able to lift, conformably, members of a family 
of light advanced ground vehicles with long-range, lightweight, 
highly accurate armaments. The advanced airframe would connect quickly to an advanced ground vehicle 
while its crew remains inside. The advanced airframe would transport the vehicle anywhere on the battlefield out to a 
combat radius within hours and deploy it combat ready. In addition to lifting advanced ground vehicles, the advanced 
airframe would lift or employ a variety of other mission modules. 

All advanced ground vehicles would rarely be required to face main battle tanks head-on, which makes it 
possible to limit their weight by reducing the need for heavy armor. They will survive through a combination of speed, 
agility, active protection, signature management and control, comprehensive situational understanding, terrain 
masking, deception, and indirect fire. Greater ground speed on and off roads will be possible because of advanced 
suspension systems, power trains, and engines. Greater fuel economies will result from significant weight reduction 
and advanced propulsion system designs. 

Thus far, the AAN study has focused on the challenging air mechanization concept involving a high-speed tiltrotor 
and several versions of a lightweight, highly lethal, mobile companion ground craft. This concept 
addresses the following: the need to overcome the limitations of ground vehicle speed by transporting the ground 
craft at high speed via the tiltrotor within theater; the need for a lightweight ground craft to limit the size of the tiltrotor; 
and the need to overcome the possible absence of an airfield in theater through the self-deployment of the tiltrotor 
and ground craft combination from CONUS. This system approach to the AAN air mechanization concept has not 
completed its first cycle through the AAN process depicted in Figure 2. However, the results so far are very 
encouraging. The first complete assessment will occur sometime in the summer of 1998. 

In addition to this process, a comple-mentary set of activities involving the Army Science Board (ASB) and the 
National Research Council »s Board on Army Science and Technology (BAST) are currently under way. The ASB is 
investigating opportunities to advance strategic deployment capabilities out to the year 2025, while the BAST is 
constructing an investment roadmap for the Army Basic and Applied Research Programs for the development of 
technologies that will significantly reduce logistics demand. Finally, OASARDA, in 
partnership with TRADOC, is planning to initiate a series of technology-based war games that will assist in 
determining the most productive investment options to support AAN capabilities. 

Conclusions 
We believe the Army has seized upon a highly compelling vision of its future role in land warfare. It has also carefully 
thought through a comprehensive process that will determine the key sci-ence and technology investments enabling 
it to achieve this vision. The process the Army has created to navi-gate into the future is working very well. The future 
Army and the United States will be the beneficiaries of this cooperative but challenging effort. Authors Note: The 
authors would like to acknowledge the contributions of 
Doug Lovelace of the Army War College and Dr. Tom Killion of the Army Research Laboratory in the preparation of 
this article. 
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Prospector X 

"Soldier Portable Hybrid Electrical Power Systems" 

Henry W. Brandhorst, Jr. 
Space Power Institute - Auburn University 

The purpose of this workshop, held March 31-April 3, 1998 in Park City, Utah, 
was to explore fully the technologies associated with hybrid energy sources and the 
systems implications of those technologies within systems concepts adapted to a military 
need. Specific objectives included a state-of-the-art assessment of relevant technologies, 
key issue identification, identification of barrier issues to introduction into the inventory, 
what power/energy regimes are suitable for hybrid systems and establishing parameters 
for consistent evaluations of hybrid systems. 

Three working groups were established to analyze three different scenarios where 
hybrid power systems might be applicable: Soldier System/Dismounted Soldier, Sensors 
and Pulsed Communications and Tactical Operations Center. These working groups were 
to identify relevant technologies and the next steps that would support that specific 
application. However, in order to be successful, the groups had to use relevant power 
profiles of the intended mission. These were either obtained from the presentations or 
were created by the group. 

The Soldier System/Dismounted Soldier group established baseline missions 
ranging from 12 hours to 10 days requiring 200 to 1500 Whr respectively (Land Warrior 
to Army After Next scenarios). Primary and intermediate storage options were developed 
and compared to the present Lithium battery (BA 5590) standard on a mass and volume 
basis. These included fuel cells, Alkalai Metal Thermoelectric Converters (AMTEC), 
microturbines and metal-air batteries (Zn and Al). The working group concluded that the 
Zn-air battery was superior to all other near term candidates for 12 and 72 hr missions 
and all technology options except Al-air and 3% efficient microturbines were superior for 
7 and 10 day missions at least on a mass basis. Importantly, the group concluded that low 
risk, hybrid fueled systems competitive with batteries can be built in the near term. 

The Sensors and Pulsed Communications group proposed three system concepts 
as well as a "Hybrid System Design Procedure". The three concepts were for various 
remote sensor and other communication applications covering a range of power and 
energy requirements from microwatts to watts. They identified suitable hybrid system 
options that would meet the three specific applications and also noted that the best 
performance and lowest cost come when power considerations are made early in the 
design cycle. 

The Tactical Operations Center group developed and used a hybrid system design 
process that was essentially identical to that proposed by the second group. This 
procedure included requirements, power/energy profiles, candidate technologies and a 
ranking against the current power system ( 3  kW generator sets).     Because no 
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power/energy profiles were readily available, the group developed one. Conclusions were 
that all competing systems (ThermoPhotoVoltaics, AMTEC, SOFC, PEMFC and Stirling 
engines) and appropriate hybrid peaking sources were superior in mass and volume to the 
existing gensets. 

All groups reached similar conclusions: hybrid technologies appear to promise 
mass and volume reductions, but some are immature. Many strong competitors will 
emerge in the next four years. There is a need for a good design methodology, a good 
database, and real power/energy profiles in order to discriminate between competing 
technologies. Finally, system level tests are highly desirable. 
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Satisfying the Commercial Requirements for Alternative Energy 
Applications 

Joan E. Bartelt 
DuPont Nafion® 
Fayetteville, NC 

PEM (Proton Exchange Membrane) fuel cells have progressed rapidly in the past ten 
years and are now on the verge of commercial reality. DuPont Nafion( has been offering 
membrane products to researchers for the past 20+ years and is excited with the advances 
made by developers of the PEM fuel cell. Our message today is that DuPont Nafion( is 
committed to being the leading supplier of perfluorinated ionomer materials as the PEM 
fuel cell commercial market emerges and grows. 

The discussion today is structured in three main areas: the growth in viable commercial 
applications, the need for improved cost and performance efficiencies and DuPont's 
programs for improved products and services. 

The recent progress toward commercialization of PEM fuel cells has been dramatic. The 
number of companies seriously pursuing fuel cell development and the associated 
funding of fuel cell programs has risen tremendously. A wide variety of fuel cell 
applications including residential power, automotive, portable and stationary power are 
being pursued in the effort to increase fuel efficiency and reduce pollution.    The 
convergence of gas and electricity is one area of specific interest to utility companies and 
fuel cell developers. 

In order for fuel cells to reach the level of commercialization needed to impact a majority 
of the world population, there are many hurdles to overcome, the primary hurdle being 
cost of manufacture. Certainly mass production is needed to reduce costs.   At the fuel 
cell system level, several aspects of design and assembly are being addressed by stack 
manufacturers. At the stack level, component cost and design are the main targets. The 
biggest impact that DuPont Nafion( can make towards these hurdles is improvements in 
ion-exchange membranes and reduction of their cost. 

The benefits of commercial experience to reduce overall costs are great. As an illust 
ration, DuPont Nafion( has witnessed this benefit in the chloralkali business, a different 
application of our ion-exchange membrane. For the large scale production of chlorine 
and caustic soda, the primary variable cost is the power consumption in kWh per metric 
ton of caustic produced. Over the timeframe in which membrane plants became 
commercial, the power consumption has dropped to the point that today it is near the 
practical limit for electrolytic cells. This drop is a result of both cell manufacturers and 
membrane manufactures working together to improve the performance of these units. 
From our experience in the chloralkali market, we expect a similar type of improvement 
in the fuel cell industry in the coming years. 
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A chloralkali membrane produced by DuPont today is very different from their 
predecessors. Over the years, the structure has gone from a simple one layer/one polymer 
design to a sophisticated combination of two polymers, a fabric reinforcement, and 
surface modifications. Each change was made in an effort to solve specific technical 
problems, improve performance and reduce costs for the manufacture of chlorine and 
caustic soda. 

In an analogous fashion, we can expect the structure of the fuel cell membranes to evolve 
with time.   In the hydrogen and reformate fuel cells, the membrane and membrane 
electrode assembly (MEA) are the heart of the system. There are three distinct regions of 
the MEA that pose challenges. Improvements in the anode interface, the membrane itself 
and the cathode interface can impact the performance and cost of delivering power with a 
fuel cell. DuPont collaborates with stack manufacturers to understand and solve these 
challenges.   Five years ago, the DuPont membrane Nafion( N-l 17 was the best fuel cell 
membrane available. Today, by manufacturing thinner and more sophisticated 
membranes, DuPont membranes continue to be the performance benchmark in the fuel 
cell industry.   Current-voltage curves of several membranes show that our new 
experimental products will have better performance at higher current densities. 

For the case of direct methanol fuel cells (DMFC), different challenges arise. The fuel 
crossover issue is a top concern, and Nafion( N-l 17 remains the performance standard. 
By tailoring the structure of the membrane, significant reduction in the fuel cross over 
has been achieved. 

While these performance challenges are being recognized and met, the cost of the ion- 
exchange membranes is a major concern for stack manufacturers. The various app 
lications have a wide range of cost hurdles -portable power at the highest allowable cost 
and automotive the most demanding in cost —to achieve commercialization. 

DuPont has projected the future cost of Nafion( materials with greatly increased volum 
es. Based on the membrane Nafion( N-l 12, the cost is projected to be near $10/kW at an 
annual installed fuel cell capacity of 10 million kW. The basis of this projection is that 
performance improvements will be made from an average of 3.0 kW/m2 today to 
a future 5.5 kW/m2, and that normal increased volume benefits will be realized. 

To emphasis our commitment to the fuel cell industry, has expanded our product 
offering.. We offer two membrane lines, based on our standard ion-exchange capacity 
polymer and a higher ion-exchange capacity polymer. Similarly we offer both solutions 
and thermoplastic resins based on the same polymers. For specific customer needs we 
may provide other materials to meet their requirements. 

With PEM fuel cells emerging on the global commercial market, DuPont Nafion( 
is committed to being the leading supplier of perfluorinated ionomer materials 
worldwide. 
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Membrane  Electrode  Assemblies 

Shimshon Gottesfeld 

Los Alamos National Laboratory 

The Membrane 

Nature/Properties 

Thickness 

MEA Fabrication Modes 

Overall Catalyst Composition 

Application to Membrane or C 
Paper 

Catalyst Layer  Properties 

Robustness 

Transport Properties 
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Membrane Electrode Assemblies 

Conclusions 

(1) Reformate/Air PEFCs 

Membrane Thickness: 

* In operation on hydrogen rich gas mixtures, thin 
lonomeric membranes ( 50 |im thick or less ) 
provide highest performance and effective MEA 
hydration. Some further testing may be required to 
document any trade-off with robustnes and long-term 
stable performance, per given hardware under full 
range of conditions. 

Membrane Chemistry: 

* To date, no substantial proof has been provided for 
competitive position of a hydrated non-PFSA vs. 
hydrated PFSA membranes within the ordinary 
PEFC temperature domain. 

Incentive to change membrane chemistry could 
come mainly from higher temperature objectives 
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Membrane Electrode Assemblies 

Conclusions 

(1) Reformate/Air PEFCs 

ME A  Fabrication: 

* Several approaches are possible, including 
both wet and dry techniques. 

* Optimization of catalyst layer preparation is 
function of PEFC application, for example : 
catalyst layers with enhanced transport 
properties are required for     more dilute 
hydrogen feed streams containing impurities, 
vs. those required for operation on neat 
hydrogen. 

* Optimization of catalyst layer preparation 
mode is sensitive function of nature of catalyst 
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Membrane Electrode Assemblies  : 

Catering for Fuels other than Pure 
Hydrogen 

Impurity  Tolerance in  Hydrogen  Rich 
Gas  Mixtures 

*Advanced Electrocatalysts 

*MEAs operating at Higher 
Temperature 

Direct Methanol Fuel Cells 

* MEAs of Higher Fuel Efficiencies 
and High Performance 
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CELL POTENTIAL (V) 
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Membrane  Electrode Assemblies 

Conclusions 

(1) Reformate/Air   PEFCs 

MEAs of Higher Impurity  Tolerance: 

* Other than PtRu, catalysts of higher CO 
tolerance may include other Pt-based binaries 
or ternaries, however: @ 80°C, air bleeding 
seems to be required to ensure long-term 
performance stability, even at 10 ppm CO 

* Somewhat higher cell temperatures, e.g., 
90 - 110 deg C, could provide signficantly 
better CO tolerance while maintaining 
humidified PFSA membranes 

*    Effective membrane for higher temperature 
operation, (150-200°C ), is difficult to achieve 
because without water effective protonic 
conductivity is rare and electro-reduction of 
oxygen is sluggish 
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STRUCTURE OF THE PLATINUM/RUTHENIUM CATALYST FOR DMFC 

G. Tremiliosi-Filho*, H. Kim, and A. Wieckowski" 

Department of Chemistry, University of Illinois, Urbana, IL 61801 

ABSTRACT 

The best anode catalyst in the direct oxidation methanol fuel cell (DMFC) consists of small 
platinum/ruthenium particles, either unsupported or supported on vulcanized carbon in contact 
with PEM membranes. However, figures of merit in heterogeneous catalysis demonstrate that 
the activity of this catalyst is far from desired. In search for higher activity we have combined a 
broad range of surface spectroscopies with electrochemistry for determining the details of 
surface structure and chemistry of platinum electrodes covered by controlled amounts of 
electrodeposited ruthenium. The focus is on establishing surface structure/reactivity 
relationships in methanol oxidation reaction on such well-defined catalytic surfaces, which is 
elaborated on in the report. This conclusion is that the most active phase of the Pt/Ru catalyst 
currently considered for use in the direct oxidation methanol fuel cell is Pt(111)/Ru. In contrast, 
Pt(100)/Ru is inactive, and Pt(110)/Ru and Pt(poly)/Ru are moderately active. Therefore, a 
structural optimization is needed to increase the representation of the (111) phase in the 
catalytic Pt/Ru materials at the expense of other surface phases. In order to investigate 
temperature effects in methanol oxidative reactivity, we have constructed Arrhenius plots for 
Pt(111)/Ru, Pt(100)/Ru and Pt(110)/Ru catalysts, and tabulated apparent activation energies 
from the plots. The data indicate that, again, the surface structure effect is the dominating 
effect in these activation energies, as well as in the Tafel slopes, see also: W. Chrzanowski and 
A. Wieckowski, Langmuir, 14, 1967 (1998). XPS spectra of ruthenium obtained by 
spontaneous deposition provide evidence that ruthenium oxides are present on the surface. 
After routine activation cycles, the reduced Ru deposit becomes catalytically active toward 
methanol oxidation. It is concluded that metal particle structure/crystallography should be 
considered as an effective variable in syntheses of more potent mixed metal catalysts for the 
DMFC use. With further efforts, this project may directly contribute to the development of small 
particle fuel cell catalysts having activity superior to the presently utilized catalysts. 

INTRODUCTION 

*   permanent address: Instituto de Qufmica de Säo Carlos/USP, 13560-970 - Säo Carlos, SP, Brazil 
author to whom correspondence should be sent 
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Of interest to the reported investigations is the backbone of methanol fuel cell catalysis, 

the anode catalysis, where the actual methanol oxidation occurs. As already well known, 

ruthenium1"20 and, to a similar extent, osmium,6,21"23 magnify the catalytic activity of platinum 

towards methanol which would otherwise be much lower due to surface poisoning by methanol 

oxidation side product(s). In this laboratory, we have investigated macroscopic single crystal 

surfaces covered by controlled amounts of ruthenium produced by electrodeposition9 to 

simulate catalytic fuel cell behavior of individual crystal faces of nanoscale fuel cell catalysts.1,10" 
14 Specifically in this report, the effect of ruthenium coverage (8Ru) on methanol oxidation 

current is investigated for four surfaces: Pt(111), Pt(100), Pt(110) and Pt(poly)24 (see also: 

Refs. 25,26). The results of such structural studies, besides their basic science significance, 

may affect practical Pt/Ru electrocatalysis since surface crystallography of platinum/ruthenium 

particles can be adjusted through the particle size and thermal or electrochemical treatment27,28 

(and references therein). It is hoped that if the most catalytic crystal plane is identified using 

the macroscopic single crystal electrodes, the crystallographic adjustment of catalytic 

nanoparticles to the predetermined, high reactivity direction may add to the development of 

more potent catalysts. 

Previously, we: (i) provided evidence for the spontaneous deposition of ruthenium on 

platinum , and determined the ruthenium coverage by the use of quantitative AES treatment 

under a variety of deposition conditions30, (ii) showed that the spontaneously produced Ru 

deposits exhibited catalytic enhancement in the oxidation process,30 (Hi) analyzed surface 

structure effects in the voltammetric behavior of submonolayer amounts of ruthenium on the 

Pt(111)Ru, Pt(100)/Ru and Pt(110)/Ru surfaces in methanol containing solutions,25 (iv) 

commented on the anion effect on the methanol oxidation rate on Pt/Ru surfaces,25 and (v) 

identified the Pt(111)/Ru electrode as the best catalyst in the methanol oxidation process.20,24,25 

In parallel to our efforts, other investigators have produced scanning tunneling microscopy 

(STM) data about platinum single crystal electrodes covered by ruthenium.31,32 These studies 

have demonstrated that in the coverage range of interest to this report, the ruthenium 

deposition process leads to formation of essentially two-dimensional, monoatomic islands of 

about 2-5 nm in diameter. This observation, together with the well-known result that ruthenium 

is inactive towards methanol at room temperature, and methanol creates CO on platinum 

easily, identifies the ruthenium island circumference as the site for methanol oxidation. 

In this report, we will first examine figures of merit horn heterogeneous catalysis in order 

to create a basis for referring the activity of fuel cell catalytic materials for DMFC to universal 

standards in catalytic activity for gas phase oxidation reactions.   Following the FIGURES OF 
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MERIT and EXPERIMENTAL sections, we will demonstrate that the highest activity toward 

methanol is obtained with the Pt(111) surface covered by 0.20 monolayer (ML) of ruthenium, 

and comment on the extent to which such a Pt(111)/Ru catalyst outperforms the industrial 

Pt/Ru catalyst. Also, we will investigate the temperature effects involved in methanol oxidation 

on the low index Pt(hkl)/Ru electrodes. We will then focus on the issue: what is the nature of 

the "ruthenium enhancement"? Two mechanisms to account for such an enhancement have 

been proposed: a bifunctional mechanism, i.e., a ruthenium facilitated generation of oxygen-like 

species on the catalyst surface,33,34 and a ligand-effect mechanism, i.e., the modification of 

electronic properties of platinum via a Pt/Ru orbital overlap.9,17,35 To date, a clear-cut evidence 

to show which of these mechanisms accounts for the enhancement is not available. We 

believe that the data on the methanol oxidation reaction at Pt/Ru electrochemical interfaces 

collected in this report are adding meaningfully to the information previously obtained on these 

important mechanistic themes. 

II. FIGURES OF MERIT IN HETEROGENEOUS CATALYSIS 

The figure of merit for catalytic activity in heterogeneous catalysis and electrocatalysis is 

the turnover number (or turnover frequency) defined as the rate of the molecules converted per 

surface site per second.36,37 In order to obtain turnover numbers (tri) from electric current 

densities (mA-cm2, per real surface area), it is convenient to use a simple formula24: 

.„ /molecules\        i (mA-cm 2) • 6.02xl020 

tn      <?    *itP   I =    Ts = 0.8 ■ i (mA-cm ) (1) 
V  s    Slte   / nF1.3xl015 

since there is 1.3x1015 platinum sites per 1 cm2 of the real platinum surface area, and n = 6, for 

methanol oxidation yielding C02. Therefore, provided that all sites are counted (which is the 

case when the real catalyst surface area is taken into consideration), a 1 mA-cm"2 current 

density roughly corresponds to a turnover number equal to 1 tn (in CH3OH molec.site"1s"1). It 

is well known that for catalytic hydrogenation, dehydrogenation or cyclization of hydrocarbons, 

the turnover number vary from 10'4 to 100. It is also generally acknowledged that for oxidative 

heterogeneous catalysis, the turnover number should be in the range from 10 to 100, in order to 

make a given material an effective catalyst. How large, or small, are turnovers involved in the 

DMFC methanol oxidation reactions will be demonstrated in the RESULTS and DISCUSSION 

section. 
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III. EXPERIMENTAL 

For methanol oxidation rate measurements, three platinum single crystals (of ca. 0.2 cm 

in diameter): Pt(111), Pt(110) and Pt(100), and polycrystalline platinum, Pt(poly), were used as 

templates for ruthenium adlayers. The crystals were flame annealed and cooled in 

argon/hydrogen atmosphere, as previously reported.38"40 The real surface area of the 

electrodes was determined using hydrogen adsorption-desorption charges.39,41 Before 

ruthenium electrodeposition, platinum surfaces were activated by several cyclic voltammograms 

(CV) at 50 mV-s"1 in the electrode potential range from 0.00 to 0.90 V vs. a reversible hydrogen 

electrode (RHE). Ruthenium adlayers to platinum at various coverage were deposited either by 

spontaneous deposition or by electrolysis.24,29 After the deposition, the electrode was removed 

from the solution, rinsed with 0.1 M HCI04 solution, "activated" by two voltammetric cycles in 0.1 

M HCI04 electrolyte29, and transferred to the cell containing methanol solution (0.1 M HCI04 + 

0.6 M of CH3OH). In the experiments with sulfuric acid/methanol solutions, the electrode was 

rinsed and "activated" in 0.1 M H2S04 before transfer to solution of 0.1 M H2S04 with 0.6 M of 

CH3OH. Finally, methanol oxidation reaction was conducted using such prepared surfaces 

under mainly chronoamperometric conditions. 

Once the Pt/Ru electrode was in the methanol containing solution, a single activating 

potential step was applied to the electrodes between 0.20 V and 0.87 V (vs. RHE). The waiting 

time at the low and high bias was 1 s. Immediately before recording the oxidation current, the 

electrode was potentiostated for 1 s at an electrode potential 40 mV more positive than the 

onset hydrogen evolution. The delay of 1 s was overwhelmingly sufficient to reduce remnants 

of adsorbed oxide/hydroxide on the surface formed at the upper potential, but short enough to 

avoid a noticeable methanolic CO formation. The chronoamperometric current for the methanol 

oxidation was measured between 0.2 and 0.4 V vs RHE for 30 min. 

Design of the electrochemical cell in which methanol oxidation process is carried out 

was previously reported42. This cell had a built-in Luggin capillary and, after draining the 

methanol containing solution off, could easily be refilled with supporting electrolyte solution 

under an ultra-high purity argon blanket (argon purity was 99.999%). The auxiliary electrode 

was a platinum wire. A silver/silver chloride electrode in 0.1 M HCIO4 was used as a reference, 

but all potentials given in this paper were recalculated and are reported against RHE. 

Whenever needed, electrode potentials were corrected for the change in the reference 

electrode potential with temperature. 

181 



Auger Electron Spectroscopy (AES) was the primary characterization technique. The 

characterization was limited to Pt(111)/Ru, and it is believed that the data obtained with Pt(111) 

are representative to other surfaces examined. The Pt(111)/Ru surface was selected for the 

systematic analytical scrutiny because of its unique activity toward methanol.20,24 The AES 

measurements were carried out at the primary beam energy of 3 keV using the combined ultra- 

high vacuum-electrochemistry (UHV-electrochemistry) instrument, Ref. 43, and references 

therein. Argon ion bombardment - oxygen annealing (at 800 °C) cycles were repeated until the 

appropriate order and cleanness of the Pt(111) surface (6 mm diameter, Aremco) were 

confirmed by Low Electron Energy Diffraction and AES. The clean and ordered Pt(111) sample 

was transferred, without exposure to air, to the system antechamber for electrochemical 

measurements using a conventional three-electrode, one-compartment cell44. 

Preliminary XPS spectra of ruthenium adlayers on Pt(111), obtained by spontaneous 

deposition, are also presented. Experiments were performed using an ESCA M-Probe system, 

manufactured by Surface Science Instruments, including a high-resolution multi-channel 

hemispherical electron analyzer (100 mm-radius) under constant pass energy of 25 eV. A 

monochromatic Al Ka line (hv = 1,486.6 eV) operating at 150 Watts was employed. The size 

of the incident X-ray beam was 800 jam. The Pt 4f7/2 line at 71.7 eV was used as an energy 

reference. As in the case of the AES measurements, neither the surfaces transferred from 

UHV to the electrochemical cell, nor those emersed from electrolytic media, were exposed to air 

before XPS characterization. Nonlinear least-square curve fitting and data analysis were 

carried out by the S-Probe version 1.36 ESCA software from Fison Instruments. Simulated 

spectra were produced from a mixed Gaussian-Lorentzian sum function45,46 with Shirley-type 

baseline47. 

Chemicals were: Millipore water (18 MQxcm), perchloric and sulfuric acids double 

distilled from Vycor (GFS Chemicals), RuCI3xH20 and Ru(NO)(N03)3.xH20 (Alfa Aesar) and 

ACS certified methanol (Fisher Scientific). The experiments were carried out at ambient 

temperature of 25 + 1 °C, unless stated otherwise. A Haake model W10/C1 thermostat was 

used throughout the study. The electrode potential was controlled via a PAR 283 potentiostat 

interfaced to a PC. Data were collected by the use of HEADSTART (with our own setups) and 

M-270 programs (PAR-EG&G) and were processed using Sigma Plot (Jandel Scientific 

Software) on Gateway 2000, 486PC. 

The reproducibility of cyclic voltammetric curves involving the Ru-covered surfaces was 

better than 5%. Integrated ruthenium deposition charges for a given electrolysis time displayed 
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the relative error of 2%.   Ruthenium coverage data presented below were obtained out of the 

average of 3 points. 

IV. RESULTS AND DISCUSSION 

1. Surface characterization in UHV 

The clean and ordered Pt(111) sample in ultra-high vacuum (see EXPERIMENTAL), 

was transferred to the electrochemical chamber for electrochemical deposition of ruthenium48. 

Spontaneous deposition of ruthenium30 was carried out from RuCI3 solution in 0.1 M HCI04 

(Ru02+). A constant-potential potentiostatic ruthenium deposition (at 0.300 v20,24,29) was carried 

out either from RuCI3 solution in 0.1 M HCI04 (Ru02+) or from Ru(NO)(N03)3 solution in 0.5 M 

H2S04. Deposition charges were collected and are presented as the charge vs. ruthenium 

coverage plots, with the coverage obtained from the Auger Electron Spectroscopy 

measurements.24,25 

In Figure 1A, the AES peak at 274 eV, obtained after Pt(111) exposure to RuCI3 solution 

(in 0.1 M HCIO4) for 2 min, is due to ruthenium spontaneously deposited on platinum. The peak 

increases by a factor of 2 when more concentrated solution (5x10"4 M RuCI3 in 0.1 M HCIO4) 

are used (Figure 1B), and the coverage is: 0.12 ± 0.02 and 0.18 ± 0.03 ML from 5x10"5 M and 

5x10"4 M solutions of RuCI3, respectively. (The coverage in fractions of a monolayer, ML, is 

defined as the ratio of the number of ruthenium adatoms to the number of surface platinum 

atoms.) The AES spectra following the potentiostatic deposition are shown in Figures 1C 

andD. 

Using the data such as those shown in Figures 1C and D, the AES coverage is plotted 

as a function of the deposition charge (Figures 2A and B). A straight line: AES coverage vs. 

charge is obtained. The contribution from the spontaneously deposited ruthenium when RuCI3 

is used appears as an intercept of the straight line (Figure 2A). At a threshold AES coverage of 

0.2 and 0.3 ML, for Ru(NO)(NO3)3/0.5 M H2S04 and RuCb/0.1 M HCI04, respectively, the 

deviation from the straight line is found, indicating a significant drop in the electrolysis yield. 

This shows that ruthenium nucleates relatively fast and efficient at the electrolysis beginning, 

that is, on ruthenium free platinum, or on the surface sparsely populated by ruthenium, but the 

nucleation slows down at the higher coverage. This behavior can, in part, be related to the 

presence of ruthenium oxides in the spontaneous deposit, and to the difficulty in the Ru layer 

growth on a Ru/RuOx covered electrode. In contrast, no spontaneous deposition of ruthenium 

was found when Ru(NO)(N03)3 solution was used (Figure 2B), indicating a high stability of the 

Ru(lll) nitrosyl complex precursor. Notably, previous Auger electron data provide evidence that 
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the destruction of the Ru(NO)(N03)3 solution complex on the surface is complete, since no 

nitrogen is found by AES.24,25 

Ruthenium deposits can also be added to platinum by the use of cyclic voltammetry49. 

The results of such a procedure are demonstrated in Figure 3, presenting graphical 

relationships between the Ru-coverage (obtained by AES) and the number of depositing cycles. 

The cycles were taken in the electrode potentials range from 0.00 to 0.88 V, in both 

RUCI3/HCIO4 and Ru(NO)(N03)3/H2S04 solutions (see Figure 3 captions). Apparent is the same 

tendency of saturation in the amount of Ru uptake with the duration of the electrolysis, as 

discussed above for the potentiostatic ruthenium deposition. After a couple of cycles, the 

coverage as high as ca. 0.4 ML is obtained. This coverage is higher than that obtained under 

constant potential electrolysis conditions at 0.300 V, and at a comparable experiment time. 

This is as expected since upon the voltammetric treatment, the electrode is scanned through 

potentials more negative than 0.300 V, and ruthenium deposition process is facilitated. Indeed, 

if more negative potentials than 0.300 V are used for the potentiostatic depositions, higher 

ruthenium coverages are obtained on the same timescales as applied for the 0.300 V 

electrolysis. We therefore conclude that both potentiostatic18,32 and voltammetric deposition17,50 

can be used for obtaining ruthenated platinum surfaces at any coverage desired, and in the 

both cases the Auger Electron Spectroscopy method provides quantitative Ru coverage data. 

2. XPS of ruthenium adlayer obtained by spontaneous deposition 

Ruthenium adlayers on Pt(111), obtained by spontaneous deposition of ruthenium from 

RuCI3 solution in HCI04> were analyzed using X-ray Photoelectron Spectroscopy with the goal 

to evaluate the extent of adlayer oxidation. Such an oxidation of ruthenium adlayers was 

concluded in our earlier electrochemical study discussing deposition of ruthenium on platinum 

single crystal electrodes20. Despite the overlap with the C 7s band, the Ru 3d band was chosen 

for analysis based on its intensity and the larger amount of reference data for this region. A Ru 

3d photoelectron spectrum representative of the Ru/Pt(111) system - with ruthenium obtained 

by spontaneous deposition - is shown in Figure 4. Peak fitting of the Ru 3d region reveals 

three spin-orbit split doublets, easily distinguishable from the C 1s band. The Ru3d5/2 feature at 

281.3 eV shows that the surface is indeed oxidized20, since metallic ruthenium would be 

indicated by spin-orbit features at 280.0 eV (Ru 3d5/2) and at 284.1 eV (Ru 3d3/2)51"56. The best 

fit for the Ru 3d band was obtained by assuming that Ru3+ was the main oxidation state and the 

main component of the spectrum. Two other ruthenium oxidation states at 282.0 eV and 284.5 
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eV, Ru2+ and Ru6+, were also identified.  The platinum binding energy was stable and always 

indicated the metallic form. A more complete analysis of the XPS data will be given elsewhere. 

3. Voltammetry at 50 Vs'1 

In order to have an on-line control of the CO formation process when methanol 

decomposition proceeds, the oxidation experiments, carried out under chronoamperometric 

conditions with Pt(111) and Pt(111)/Ru electrodes, were combined with fast cyclic voltammetric 

sweeps.57 When sufficiently high sweeps are used, Figure 5A (dashed line), for instance, 

50 Vs"1, cyclic voltammograms in 0.6 M MeOH in 0.1 M HCI04 solution indicate a CO free 

surface. (The degree of hydrogen adsorption/desorption modification due to MeOH presence in 

solution is found negligible vs. that in 0.1 M HCI04 without methanol). As previously reported 

for clean platinum57 (see also: Ref. 58), the peak at 0.6 V is due to bulk methanol oxidation 

leading to C02 formation. After the constant potential experiment is carried out for 10 min at 

0.310 V in the MeOH containing solution, during which CO accumulates on the surface and is 

coadsorbed with ruthenium (as ruthenium islands31,32), a different curve is recorded, Figure 5A 

(solid line). Namely, a peak with the maximum at 0.8 V is found, and is assignable to CO 

stripping process. 

The charge under the stripping peak (at 0.8 V) for clean Pt(111), and Pt(111)/Ru 

surfaces for three adsorption times: 1s, 10s and 10 min, are compared in Table 1. It is seen 

that there is no statistically significant difference in the oxidation charge between Pt(111) and 

Pt(111)/Ru. There is no any significant difference either in the oxidation charge when the 

oxidation time was varied from 1s to 10 min (except for the lowest electrode potential for 

Pt(111 )/Ru), and the data for 10 and 30 min are very similar (not shown). For the discussion of 

the data, it is assumed that under the reported conditions, the chemisorbed CO is the sole 

methanol decomposition product, and that bulk methanol oxidation does not contribute to the 

CO stripping charge. While there are no reason why not to accept the first assumption, the 

second may not be strictly correct. However, if there is a contribution of bulk MeOH oxidation to 

the 0.8 V peak charge, it is probably a small constant term that may, for the sake of the current 

discussion, be ignored. 

The results shown in Table 1 demonstrate that under the experimental conditions 

referred to above, a 0.5 ML of CO is formed (it is lower somewhat at 0.55 V, indicating the 

beginning of an accelerated CO oxidation from the surface). It is noticebly higher than 

obtained on Pt(111) after cell rinsing and a slow potential scan CO stripping into a clean 

electrolyte59. This behavior needs to be investigated more thoroughly, at present it may show a 
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presence of a weakly adsorbed methanol decomposition product, coadsorbed with surface CO, 

that does not survive the electrolyte exchange. 

Why adding 20% of ruthenium to the surface is not changing the CO coverage may also 

deserve a more closer look (Table 1). For the present discussion it is important to point out that 

the drop in current by a factor of 3.3 between the 1s and 10 min experiment (Figure 5B, inset) 

is not associated with a meaningful uptake increase in CO. Evidently, the drop is due to an 

internal rearrangement in the Pt(111)-Ru-CO mixed adlattice removing active sites, such as, for 

instance, Ru islands coalescence as a function of the two-dimensional CO surface pressure. 

This is a stimulating observation that will be addressed by future research. On the other hand, 

the drop in the oxidation current at the experiment beginning, that is, on the millisecond 

timescale (Figure 5B), is associated with methanol decomposition/CO poisoning processes on 

clean platinum sites, as reported previously38'39. 

4. Methanol oxidation current under chronoamperometric conditions 

Using chronoamperometric measurements of methanol oxidation on the Pt(hkl)/Ru 

surfaces20, a ruthenium coverage corresponding to the maximum methanol oxidation rate was 

found for each surface. Such an "optimized coverage" was 0.20, 0.15 and 0.30 ML for Pt(111), 

Pt(110) and Pt(100), respectively. All data presented below were obtained with the coverage- 

optimized, Pt(hkl)/Ru surfaces. 

Representative, high-temperature current density data for methanol oxidation as a 

function of reaction time, at 65 °C and 0.310 V for Pt(100)/Ru, Pt(110)/Ru and Pt(111)/Ru, are 

shown in Figure 6 (in 0.1 M H2SO4/O.6 M CH3OH). The electrode potential, E = 0.310 V, was 

selected for this research since this is an ideal "fuel cell potential" which may be chosen to 

operate the direct oxidation methanol fuel cell (DMFC) devices14. As shown in Figure 6, see 

also: Ref. 20, the rate of the current decay is very low at longer times, indicating that pseudo 

steady-state kinetic conditions were obtained. It is also shown that the rate of current decay, 

and the values of the current densities measured at 30 min, are surface structure sensitive. In 

particular, the 30 min current is the smallest for Pt(100)/Ru and the highest for Pt(111)/Ru. 

Arrhenius plots (straight lines, not shown) were taken for the three low index Pt surfaces 

covered by ruthenium in the temperature range from 0 to 65 °C, and the apparent activation 

energies were measured at 0.250, 0.310 and 0.370 V (Table 2), Ref. 42. The data indicate that 

there is a weak dependence of the activation energy on the electrode potential, and on the type 

of the deposit precursor. The effect by the surface structure of a Pt(hkl) substrate is, however, 

quite significant, and doubles in the most extreme case: at E = 0.250 V, from 38 kJ-mol"1 for 
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Pt(110)/Ru to 84 kJmol'1 for Pt(111)/Ru, Table 2. Even if the values averaged over the 

potentials are used, 45 kJ-mol"1 for Pt(110)/Ru and 69 kJ-mol"1 for Pt(111)/Ru, the effect is still 

quite pronounced. Notably, it shows that the temperature rise is the most beneficial for 

methanol oxidation catalysis at the Pt(111)/Ru surface. The activation energy values obtained 

from this series compare favorably with the previous, already published values from this 

laboratory20, 72, 65, and 50 kJ/mol, for 0.25 V, 0.31 V, and 0.49 V, respectively. Moreover, the 

average activation energy value thorough the three potentials is 58 kJ-mol"1, a near perfect 

replicate of the value obtained by Markovic et al. (60 kJ-mol'1) under similar experimental 

conditions to ours, but with polycrystalline Pt/Ru alloys; with the Pt: Ru ratio also optimized to 

the highest methanol reactivity34. 

At room temperature, the (formal) Tafel slopes, d(logi)/dE, can be compared with the 

previous data in the electrode potential range examined in this paper, from 0.250 to 0.370 V 

(Figure 7). All Tafel slopes are distributed around 60 mVdec'1, in an excellent agreement with 

the results of the previous study.20 It is essential to recall that for Pt(100)/Ru and Pt(110)/Ru 

(and for polycrystalline Pt/Ru), the formal Tafel slope of 60 millivolts per decade extends over a 

broad electrode potential range. In contrast, the linearity with Pt(111)/Ru breaks at around 

0.30V to give two slopes: a 60 mVdec"1 between 0.220 - 0.310 V and ca. 200 mVdec"1, 

between 0. 310 - 0.490 V (Figure 7). The fact that one Tafel slope is found for Pt(100)/Ru, 

Pt(110)/Ru and polycrystalline Pt/Ru, and two slopes for Pt(111)/Ru, underscores a major 

mechanistic difference in the methanol oxidation process between these two specific sets of 

surface structures. Also it is important to indicate that the Tafel slopes do not have an usual 

quantitative meaning assigned to them by the Butler-Volmer formalism. This is because the 

Pt/Ru surface does not make a stable electrode, its composition changes as a function of the 

electrode potential, definitely in terms of the ruthenium oxidation state and also, most likely, in 

terms of surface morphology (in response to the ruthenium valency change). Therefore, only 

the difference in the Tafel slopes can be put forward and interpreted within the realm of the 

surface structure effects in methanol oxidative catalysis on the Pt/Ru electrodes, but still in a 

very phenomenological manner. 

Overall, as shown in Figure 8 for 25 and 65 °C, the currents measured at 30 min (the 

pseudo steady-state currents20) at Pt(111)/Ru are by 2 orders of magnitude higher than those 

at Pt(100)/Ru. They are also by ca. one order of magnitude, higher than with Pt(110)/Ru and 

with polycrystalline Pt(poly)/Ru. The diagrams are comprehensive enough to demonstrate 

simultaneously the effect of substrate surface crystallography and the change in solution anion 
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from perchlorate to bisulfate. Clearly, the anion effect is minor compared with the surface 

structure effect. From the practical perspective, we conclude that the most active phase of the 

catalysts currently considered for use in the direct oxidation methanol fuel cell is Pt(111)/Ru, 

and that the Pt(100)/Ru phase is inactive. Structural optimization of catalytic Pt/Ru materials is 

needed to increase the representation of the (111) phase at the expense of other surface 

phases in these industrial materials. 

At room temperature20, typical numerical data obtained are demonstrated in Table 3. 

The value of the electrode potential E = 370 mV is chosen since at 370 mV, all the tendencies 

observed at other potentials are well represented. The ruthenium enhancement term is defined 

as the ratio of the current density corresponding to methanol oxidation with and without 

ruthenium on the surface.20,25 Above 1 s, all Ru covered Pt single crystal surfaces, and the 

polycrystalline Pt/Ru surface, are more active than the clean Pt catalyst. The enhancement is 

very large at the experiment end, approaching infinity at 30 min, since clean Pt(111) at 370 mV 

is incapable of producing any measurable oxidation current due to the CO poisoning.39 Finally, 

data in Table 4 show that in each of the demonstrated examples more than a monolayer of 

methanol reacted to C02 in 30 min (e.g., 4 and 377 monolayers for 250 and 490 mV, 

respectively), and that the rate of the current decay (2nd column of Table 4) is electrode 

potential dependent. 

5. Polarization curves and turnover considerations 

Applied opportunities to be derived from our structural observations have been pointed 

out above and in Refs. 20,24 In order to highlight the advantage of conducting methanol 

oxidation reactions on preoriented Pt/Ru catalysts toward the Pt(111)/Ru plane, we have 

measured the polarization curve: electrode potential readings at fixed currents, all at 30 min, 

and compared the polarization curve with data in literature (Figure 9). We have examined 

Hogarth and Hards' reactivity data60 for a catalyst prepared from 20 wt. % platinum-10 wt. % 

ruthenium (Type II) supported on carbon black, comprising a soluble form of the polymer 

electrolyte, bound as a thin layer between a Nafion®-117 membrane and the current collecting 

substrate. These data,60 obtained at 80°C, are given not in terms of the current density per 

catalyst load (or per apparent surface area), as usually done in fuel cell literature, but in terms 

of current density standardized to the real surface area. Only such data, as directly proportional 

to reaction turnovers, see below, have an objective meaning on the reactivity scale in 

heterogeneous catalysis. 
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Using the equation 1 in the FIGURES OF MERIT section, the quasi steady-state current 

densities in Figure 9 (at 30 min) were converted to turnover numbers (see the top axis in Figure 

9). The data in Figure 9 show that at 0.310 V the turnover for the Pt(111)/Ru catalyst for 65 °C 

is already higher by a factor of 2 than that of the industrial catalyst at 80 °C. When this 

advantage is multiplied by the activation energy term ratio between 65 and 80 °C, we obtain an 

overall advantage close to one order of magnitude vs. the industrial Pt/Ru catalysts 20,24, and a 

reaction turnover approaching 1 to.20,24 We may therefore conclude that at 80 °C, the 

crystallographically optimized, Pt(111)/Ru catalyst has the activity that is higher than that 

extrapolated from the industrial data but still lower than the expected performance level in 

heterogeneous catalyst for oxidation reactions (turnover = 10 tn). Nevertheless, the attempts to 

morphologically optimize the catalytic materials dedicated to DMFC fuel cell systems have a 

strong practical merit. Realistically however, to fulfill the demands by the advanced reactivity 

criteria from heterogeneous catalysis, yet another order of magnitude improvement should be 

sought via further, DMFC-oriented research in electrochemistry and surface science. 

6. Mechanisms involved in enhanced methanol oxidation on Pt/Ru electrodes 

Enhanced methanol oxidation on Pt/Ru electrodes is a typical case of a heterogeneous 

catalytic reaction occurring in an electrochemical cell. Such catalytic reactions involve a 

chemical activation and excitations of multielectron systems at a metal surface, and are very 

complex.61"63 It is therefore difficult to define an universal response function to determine the 

activity of the metal surface vs. the incoming reactants. Nevertheless, the electronic distribution 

at the surface, adapting to the change in the relaxation or reconstruction on both clean and 

adsorbate-covered surfaces, and to the atomic scale structural diversity, like terraces, steps, 

and kinks, is underlying all surface events of interest to heterogeneous catalysis64. As shown 

recently, local, Fermi level densities of states (Ef-LDOS) epitomize the catalytic activity of metal 

surfaces quite effectively62,64"66. Whether indeed this is the most appropriate and universal 

surface reactivity qualifier will become more evident in further research. Nuclear magnetic 

resonance (NMR-electrochemistry) strategy was unveiled in this laboratory to address such 

issues quantitatively67. Before such NMR data become interpreted on the quantitative level, 

individual classes of reactions involved in heterogeneous electrocatalysis need to be dealt with 

separately. 

In view of the above, a pertinent question in enhanced methanol oxidation on Pt/Ru 

electrodes is what is the active site? The key finding here (see also: Refs. 20 and 24) is that 
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the most active catalyst in the oxidation process in acidic media is Pt(111)/Ru. As we have 

already indicated before, the (111) site on a fee cubic surface is not a typical "active site" since 

it is generally known that structurally defected, or rough (stepped, kinked) surfaces63 are better 

candidates for effective catalysis. The advantage in the reactivity on rough surfaces results 

from the decrease in work function, and a concomitant increase in the electron density in the 

region outside the metal surface, which occurs when terrace-like surfaces are perturbed by 

defects626,66,68,69. Notably, since the electronic tail outside the surfaces comprises mainly 

electrons at the Fermi energy level66, the spill-over argument is not in disagreement with 

conclusions from the "frontier orbital" picture70, postulating that the reactivity enhancement at 

metal surfaces results from weakening the molecular bonds of the reactants via filling electrons 

into their anti-bonding orbitals. The purely electronic effects usually dominate over a yet 

another effect characteristic of imperfect surface, namely, the higher heat of chemisorption 

(bond energy, see below) which increases the adsorbate residence times71, and reduces 

catalytic reaction rates. Specifically however, the enhanced stability of surface oxygen on 

Pt(111)/Ru surfaces at low potentials has a yet another beneficial effect in methanol oxidation, 

as already discussed in Refs. 24 and 29. 

Phenomenologically, without invoking the electronic arguments, a bimolecular reaction 

between surface CO and RuOx leading to C02 and electrons formation, can occur faster on a 

smooth surface rather than on a stepped surface, because of several factors24: (i) less "Ox" 

chemisorption on Pt/Ru terraces increasing the "oxygen" site-to-site mobility and reactivity, (ii) 

smaller CO bonding energy, or heat of CO adsorption (as the magnitude proportional to the Pt- 

CO bond energy72"74), on Pt(111) than on Pt(110) and even more so, on Pt(100)42 and, 

possibly, (iii) the more favorable active site geometry allowing surface oxygen (Ox) to be closer 

to CO. The latter would facilitate the surface activation state formation. Notably, the data in 

this article indicate that the steady-state oxidation of methanolic CO occurs on the surface 

crowded by high-coverage carbon monoxide and ruthenium. This adds a new credibility to the 

bifunctional mechanism of the enhanced methanol oxidation on Pt/Ru electrodes (Ref. 33, see 

INTRODUCTION) since: (i) CO and RuOx are close together facilitating the oxygen transfer 

without the need for a long-range surface diffusion, (ii) not too many "clean" Pt sites exist to be 

available to activate water as the CO oxidant, all are probably engaged in CO chemisorption 

and Ru deposition, (iii) and the option for CO to use bulk water on its way to C02 seems 

unlikely. The fact that we deal with a crowded surface also explains the lack of the anion effect 

in the reactivity, in a clear contrast to the data on methanol oxidation on clean platinum 

electrodes39.   However, what would not be contradictory to the essence of this mechanism is 
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that "oxygen" shared between Pt and Ru site is transferred to CO, rather than "oxygen" 

specifically associated with Ru. It is neither contradictory to assume that such an oxygen is 

transferred to an electronically modified Pt-CO site due to the ruthenium (or ruthenium oxide) 

addition. Ruthenium, for instance, may perturb platinum electron polarizabilities and orbital 

symmetries, thus affecting the orbital spatial distribution and the reaction rate75. 

The above conclusions do not contradict the electronic (ligand) mechanism, understood 

as the modification of electronic properties of platinum via a Pt/Ru orbital overlap as a 

component of the overall mechanistic considerations. Theory strongly suggests that the 

formation of an alloy and its interaction with oxygen significantly affects the local density of 

states around each of the individual metal site76,77. Synchrotron X-ray Absorption Spectroscopy 

data78 under in situ conditions, have demonstrated that alloying platinum with ruthenium 

increases Pt d band vacancies and decreases the Pt-Pt bond distance and, indirectly, the 

infrared data with carbon monoxide may be interpreted to demonstrate a higher availability of 

the antibonding 2n* electrons on Pt/Ru than on clean Pt32. In fact, from the above discussion 

we believe that Pt/Ru catalytic enhancement may be explained in terms of both electronic and 

bifunctional effects. Such a complete mechanism would support a dual role of ruthenium in 

attracting oxygen to the catalytic surface at ca. 0.30 V more negative potentials than without 

Ru34 and, simultaneously, in affecting the electron density on the neighboring Pt site to make 

adsorbed CO more susceptible to the oxygen attack. Since the discrimination between these 

two mechanistic pathways, or ranking the significance of their contribution is not, at present 

possible, more research is needed to address these issues both theoretically and 

experimentally. 

V. CONCLUSIONS 

We have demonstrated that methanol oxidation is remarkably sensitive to the Pt/Ru 

electrode surface structure. The highest oxidation rate was found for Pt(111)/Ru and, in 

contrast, Pt(100)/Ru is inactive, and Pt(110)/Ru is moderately active. While the Pt(111)/Ru 

surfaces will never make practical catalysts, the results of such studies may affect the future 

development in Pt/Ru electrocatalysis since surface crystallography of catalytic 

platinum/ruthenium particles can be adjusted through the particle size and thermal or 

electrochemical treatment27,28. Therefore, if the most catalytic crystal plane is identified using 

macroscopic single crystal electrodes, a crystallographic refining of the catalytic nanoparticles 

toward the highest reactivity may add to the development of more potent catalysts 

(INTRODUCTION). 
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A great deal of effort in the report was put forth in an attempt to capture the origin of this 

structural effect, albeit still on the qualitative level. It has been noticed that the enhanced 

oxidation of methanol on Pt/Ru electrodes is a bimolecular reaction that occurs between 

methanolic CO and oxygenated ruthenium site (that closely resembles the well-know Langmuir- 

Hinshelwood surface reaction, but which is termed in electrochemical literature as a bifunctional 

mechanism): 

Pt-CO +   Pt/RuOx      -»   Pt    +   Pt/RuO^   +      C02 

The active site, that is one where C02 is formed, is the site at a perimeter of the ruthenium 

island on the Pt substrate. The crucial issue is therefore: why is the Pt(111)/Ru site more active 

than any other site? We have concluded that three possible reasons, collectively or 

alternatively, may be involved: (i) less "Ox" chemisorption on Pt/Ru terraces increasing the 

"oxygen" site-to-site mobility and reactivity, (ii) smaller heat of adsorption of CO on Pt(111) than 

on Pt(110) and even more so, on Pt(100)42, and, (iii) the more favorable active site geometry 

allowing surface oxygen (Ox) to be closer to CO. The latter would facilitate the surface 

activation state formation. 

The data also indicate that the steady-state oxidation methanolic CO occurs on the 

surface crowded by high coverage by carbon monoxide and ruthenium. This adds a new 

credibility to the bifunctional mechanism since: (i) CO and RuOx are close together facilitating 

the oxygen transfer without the need for a long-range surface diffusion, (ii) not too many "clean" 

Pt sites exist to activate water which may next be used to oxidize CO, all are probably engaged 

in CO chemisorption and Ru deposition, (iii) and the option for CO to use bulk water on its way 

to C02 seems unlikely. The fact that we deal with a crowded surface also explains the lack of 

the anion effect in the reactivity25. However, what would not be contradictory to the general 

spirit of this mechanism is that the oxygen shared between Pt and Ru site is transferred to CO, 

rather than that specifically associated with Ru. It is neither contradictory to assume that the 

oxygen is transferred to an electronically modified Pt-CO site due to the ruthenium addition to 

the surface. Ruthenium, for instance, may perturb platinum electron polarizabilities and orbital 

symmetries, thus affecting the orbital spatial distribution and the reaction rate. 

The grand conclusion from this study is that there may not be a contradiction between 

the electronic (ligand) mechanism, and the bifunctional mechanism in accounting for the overall 

methanol oxidation mechanism. In particular, we may refer to the Synchrotron X-ray Absorption 

Spectroscopy data by McBreen et al,78 showing that alloying platinum with ruthenium increases 
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Pt dband vacancies and decreases the Pt-Pt bond distance which, perse, would support of the 

ligand mechanism. We therefore believe that the Pt/Ru catalytic enhancement effect may be 

explained in terms of the combined electronic and "bifunctional" effects. Such a complete 

mechanism would assume a dual role of ruthenium in attracting oxygen to the catalytic surface 

at ca. 0.3 V more negative potentials than without Ru and, simultaneously, in affecting the 

electron density on the neighboring Pt site to make adsorbed CO more susceptible to the 

oxygen attack. 
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Figure Captions 

Figure 1. Secondary Auger electron spectra of the Pt(111) electrode for30: (A) Pt(111) surface 

covered by the Ru spontaneous deposit obtained in 5x10"5 M RuCI3 + 0.1 M HCI04 

after 2 min of deposition, (B) Pt(111) surface covered by the Ru spontaneous 

deposit in 5x10"4 M RuCI3 + 0.1 M HCI04 (during 2 min), (C) Pt(111) surface covered 

by the Ru deposit obtained at 0.3 V (vs. RHE) for 10 s in 5x10'4 M RuCI3 + 0.1 M 

HCI04, and (D) Pt(111) surface covered by the deposit obtained at 0.3 V for 10 s in 

2x10"3 M Ru(NO))(N03)3 + 0.5 M H2S04. AES measurements were carried out in a 

differential mode with a 2 eV modulation amplitude, at 3.5 keV of primary electron 

energy, and 0.5 uA sample current, lock-in amplifier time constant 3 ms, using a 

Perkin Elmer (PHI) 10-155 cylindrical mirror analyzer (CMA). Spectra were acquired 

using a digital data acquisition system, and smoothed one time using a 11 points 

averaging technique. The p/p amplitudes were measured for a number of scans, 

extending over several seconds, and then extrapolated to zero time to obtain signal 

intensities not perturbed by the beam damage. 

Figure 2. (A) Deposition of ruthenium at 0.300 V from 5x10"4 M RuCI3 solution in 0.1 M HCI04: 

the dependence of ruthenium coverage (in ML) on the deposition charge24. (Note 

that the deposition process is severely retarded above the ruthenium coverage of 

0.28 ML.) The coverage due to spontaneous deposition is indicated by the arrow. 

(B) Deposition of ruthenium at 0.300 V from 2x10"4 M Ru(NO)(N03)3 solutions in 0.5 

M H2S04: dependence of ruthenium coverage (in ML) on the deposition charge. 

(Note that the deposition process is retarded above the ruthenium coverage of 0.18 

ML.) On Figures 2 A and 2 B, the data for the top axis: "surface coverage" were 

obtained from the deposition charge using the number of electrons involved in the 

electrolysis, 4 and 3, respectively24. 

Figure 3. Deposition of ruthenium under cyclic voltammetric conditions: the dependence of 

ruthenium coverage (in ML) on the number of voltammetric cycles in the range from 

0.00 to 0.88 V in two solutions: (•) 5x10"4 M RuCI3 + 0.1 M HCI04, (O) 2x10'3 M 

Ru(NO)(N03)3 + 0.5 M H2S04. 
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Figure 4. XPS spectra of the Pt(111)/Ru electrode obtained by spontaneous deposition of 

ruthenium on clean Pt(111) from 5x10"4 M RuCI3 solution in 0.1 M HCI04. 

Experiments were performed using ESCA M-Probe system equipped with a 

monochromatic Al Ka line (hv = 1486.6 eV) operating at 150 Watts, and a multi- 

channel hemispherical electron analyzer, 100 mm-radius (Surface Science 

Instruments). The X-ray spot size was 800 |im. (See text.) 

Figure 5. (A) High sweep rate cyclic voltammetric curves for the Pt(111)/Ru electrode in 0.1 M 

HCI04 + 0.6 M CH3OH solution. Solid line, CO stripping voltammogram after CO 

accumulation for 10 min at 0.310 V. Dashed line, the cyclic voltammogram obtained 

after CO stripping in the same 0.1 M HCI04 + 0.6 M CH3OH solution. Sweep rate: 

50 Vs'1. (B) Chronoamperometric curve for the Pt(111)/Ru electrode at 0.310 V (vs. 

RHE) in 0.1 M HCI04 + 0.6 M CH3OH solution. Inset shows the time window from 1 

to 10 s (see text). 

Figure 6. Current density - time plots for methanol oxidation at 65 °C (left axis), and reaction 

turnovers corresponding to the current densities (right axis), at the Pt(111)/Ru, 

Pt(110)/Ru and Pt(100)/Ru electrodes (at the optimum Ru coverage of 0.20, 0.15 

and 0.30 ML respectively), all in 0.1 M H2S04 + 0.6 M CH3OH. The applied electrode 

potential was 0.310 V. Data were smoothed using a low-pass numeric filter. 

Figure 7.   Log i vs. E (the Tafel) plots for: (®) Pt(111), (T) Pt(110), and (a) Pt(100). 

Figure 8. Methanol oxidation on the Pt(hkl)/Ru electrodes under steady-state conditions. 

Oxidation efficiency diagrams as a function of surface crystallography of the 

platinum substrate. All ruthenium coverages were optimized to the maximum 

methanol oxidation reactivity. The pseudo steady-state currents were measured at 

0.310 V after 30 min of polarization. Solution temperature was A: 25 °C24 and B: 

65 °C. 

Figure 9. A polarization current - potential curve for Pt(111)/Ru obtained at 65 °C in 1 M 

H2SO4 + 2 M CH3OH, under optimum Ru coverage conditions (■). For comparison, 

polarization data for the industrial catalyst (•) are included60. 
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Table 2. Activation energy for methanol oxidation on  Pt(hkl)/Ru electrodes at selected 

potentials in 0.1 M sulfuric acid. 

Potential 

(V vs RHE) 

Activation Energy (kJ mol"1) 

Pt(100)/Rua Pt(110)/Rua Pt(111)/Rua Pt(111)/Rub' 

0.25 61 ±11c 38 ±4 84 ±10 70 ±7 

0.31 53 ±7 50 ±5 66 ±7 56 + 5 

0.37 65 ±4 47 ±8 56 ±5 54 ±4 

"Ruthenium deposited from 2x10   M Ru(NO)(N03)3 in 0.5 M H2SO4. 

"Ruthenium deposited from 5x10"5 M RuCI3 in 0.1 M HCI04. 
cError is the standard deviation of the mean. 
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Table 3.    Ruthenium enhancement of methanol electrooxidation at Pt(hkl)/Ru electrodes at 

+370 mV vs. RHE at room temperature 20 

Time 

(s) 

Ruthenium enhancement3 

Pt(100) Pt(110) Pt(111) 

0.5 1.0 1.5 1.8 

1 1.0 1.4 1.4 

10 1.3 3.0 7.7 

300 14 34 240 

600 _^     b —7 oo 58 —^ oo 

1800 —} oo => oo zz> oo 

a ratio of oxidation current with and without ruthenium on Pt. 
b enhancement approaching infinity is due to clean platinum inability to produce measurable oxidation current (see 

text). 
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Table 4.    Quantitative data on the rate of methanol oxidation current decay, and the progress 

of reaction at several electrode potentials at the Pt(111)/Ru electrode at room 

temperature 20 

Potential 

(V vs. RHE) 

3(log i)/3ta 

(min"1) 

Charge*5 

(mCcm2) 

CH3OH monolayers 

reacted in 30 minc 

(monolayers) 

0.49 -0.014 194 377 

0.37 -0.006 36 72 

0.28 -0.001 5.8 11 

0.25 0.000 2.1 4 

' rate of current decay during the last 3 minutes of the experiment. 

'the charge involved in methanol oxidation during 30 minutes of oxidation. 
: assuming realistically 3 Pt sites per one methanol molecule and 1.5x1015 catalytic sites cm"2. 
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Stucture of perfluorinated ionomer solutions. 
M. Pineri (CEA/CEREM) 

Summary 
In this lecture, we will first recall the different procedures to get solutions of perfluonnated 
iomers. The structure of these solutions will then be analyzed from small angle scattering 
results obtained with X rays and neutrons. Evidence of rod like particles in these solutions will 
be given from scattering data analysis by geometrical considerations, Guinier analysis of the 
diluted solutions and from Porod laws. Chemical composition of these scattering objects will 
be given from contrast isotopic variation experiments in neutron scattering experiments. 
Relevant parameters defining the rod diameter will be then considered. Finally viscosity 
measurements will show a so-called "polyelectrolyte behavior", consistent with the vision of 
the rods as super polyelectrolytes. 

In ionomers (1), the percentage of charged groups along the polymer backbone is generally 
smaller than 15 %. Because of intermolecular associations of both hydrophobic sequences and 
ionic groups, most of these polymers present some phase separation with the presence of ionic 
"clusters" . It is difficult to get solutions from the polymers because of these different physical 
crosslinks. One possibility is to use mixtures of non polar solvents and polar solvents for 
breaking the ionic associations. Another possibility is to drastically improve the swelling of the 
ionic domains by increasing the temperature and therefore the absolute pressure of the polar 
solvents. The solutions so-obtained may not be true solutions but may contain some micellar 
structures . The aim of this presentation is to summarize the results which have been obtained 
identifying the presence of micelles in these perfluorinated solutions. 

Sulfonated perfluorinated ionomer solutions are used for casting thin membrane layers onto the 
catalyst particles in low temperature fuel cell applications (2). It is therefore very important to 
know the solutions "structure", the conditions of casting and the structure of the recast 
membranes for optimising the membrane-electrode assemblies. Annealing of the recast 
membranes changes the mechanical properties and the swelling properties because of a partial 
recrystallisation (3). , 
The results summarized in this lecture correspond to experiments and publications of 
Molecular Physico Chemistry" group at CEA Grenoble (4-9). 
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Materials: 
Three different kinds of perfluorinated materials have been studied whose chemical 

structures are given below: 

Type 1: Nafion® 117 from Du Pont de Nemours 

-[CF-CF2-(CF2-CF2)„ ]m - 

0 - CF - CF2 - O - CF2 - CF2 - S03 Li 
I 
CF3 

Type 2: Dow Chemical material 

-CF-CF2 -(CF2-CF2)n 

I 
0 - CF2 - CF2 - S03 Li 

Type 3: Hoescht material 

-CF-CF2 -(CF2-CF2)n 

O - CF2 - CF2 -COOLi 

Polymer solutions have been obtained by dissolving small pieces of membrane in a 50/50 
water/ethanol mixture for one hour in an autoclave heated at 250° C (10, 11). Solutions in 
different solvents were then obtained according two different procedures. The so obtained 
solution is concentrated by slow evaporation at 80° C and then dried. A fine powder is 
obtained, by milling at room temperature in an agate mortar, which dissolves at room 
temperature in many polar solvents. Another process consists in dialyzing the starting solution 
with pure solvents and adjusting the concentration. 

Small angle experiments have been performed at Leon Brillion Laboratory with the SANS 
spectrometer PACE for the neutrons experiments and at LURE in Orsay with the D22 
synchrotron radiation spectrometer for the X rays experiments. 
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Rod like structure of the perfluorinated ionomers solutions in polar solvents. 

In small angle scattering experiments, existence of a well defined maximum whose position 
varies with concentration gives evidence of scattering particles in the solutions. The peak 
position, associated with an interfernce peak between the scattering particles, varies with the 
square root of the concentration involving a rod like structure for the particles. Diameters of 
the rods were first obtained from geometrical considerations with simple hexagonal or cubic 
two dimensional geometric arrangements of these rods. Further experiments on diluted 
solutions permitted to analyze the form factor of the scattering particles and to confirm the rod 
like shape and also to get the diameter of the rods from Guinier analysis. 

Radii of 20/25 A have been obtained for the type 1 polymers with long side chain groups in 
methanol or water. Smaller values ( 15/17 A ) have been obtained for the carboxylated and 
sulfonated polymers with shorter side chain groups (Types 2 and 3). Such results show that 
this side chain length is a key parameter for defining the diameter of the rods rather than the 
molecular weigth, nature of the charged groups and counterions, solvent characteristics. 
Solvent contrast variation studies have shown that the coherent scattering length value of the 
scattering particles was consistent with a perfluorinated chemical structure. 

Addition of salts in the solutions induces the disappearing of the interference peak and an 
increase of the intensity scattered at low Q values. The Guinier plot remains unchanged except 
for an increase in intensity at very low Q values. Such results have been interpreted as 
corresponding to a decrease in the electrostatic repulsions between rods inducing a loss of 
order and a beginning of agregation. 
A model for these rods is given below, model including the above mentionned results, in which 
most of the charged groups lie on the surface of the particles in contact with the polar solvent. 

so3 

CF2-CF2 backbone 

"Crystalline:' CF2-CF2 structures 

in the center of the rods 



Polyelectrolyte effect in perfluorosulfonated ionomer solutions (12). 

Polyelectrolyte effect corresponding to an increase in viscosity at high dilutions has been 
evidenced in solutions with most of the polar solvents. Dielectric constant of the solvent seems 
to be a key parameter since for low values of this parameter the polyelectrolyte effect increases 
with the £ value while it disappears at high values. These rod like particles behave as 
"superelectrolytes" with an increase of the persistence length at high dilutions because of 
decondensation of counterions therefore inducing a transition from a "worm like rod" to a 
"rigid" one. 

Ionic conductivity (6, 13). 

Nafion® solutions or gels of 1100 EW Li salts were obtained according to the process 
previously described. N-methyl formamide, propylene carbonate and triethyl phosphate have 
been considered as solvents. Conductivity measurement have been done over a large frequency 
range. Larger conductivities have been obtained for N-methylformamide solutions with values 
of 4 10"3 S/cm at 25 C° and 7 10"3 S/cm at 80 C° for a concentration of 0.25 mol/1. Down to - 
40° C, there are only small changes of conductivity mainly because of viscosity modifications 
of the solvent as evidenced from the calculated activation energies. 

Conclusions. 

In polar solvents perfluorosulfonated ionomers form rod like particles which reorganize after 
casting and annealing. High conductivities are obtained in the presence of polar solvents mainly 
because of this rod like structure with the charges on the surface. 

(1) Ionomers: Characterization, Theory and Applications; Schlick, S., Ed.; CRC Press: Boca 
Raton, Fl, 1996. 

(2) Polymer electrolyte fuel cells. Electrochimi. Acta 1995, 40, 283 

(3)G. Gebel, P. Aldebert, M. Pineri:  Structure and related properties of solution cast 
perfluorosulfonated ionomer films, Macromolecules, 20,1425 1987. 

(4) P. Aldebert, B. Dreyfus, M. Pineri: Small-angle neutron scattering of perfluorosulfonated 
ionomers in solution, Macromolecules, 1986,19, 2651. 

(5) P. Aldebert, B. Dreyfus, G. Gebel, N. Nakamura, M. Pineri, F. Volino: Rod like micellar 
structures in perfluorinated ionomer solutions; J. Phys. France 49 (1988) 2101-2109. 

(6) M. Guglielmi, P. Aldebert, M. Pineri: Ionic conductivity of perfluorinated ionomer 
solutions, Journal of applied electrochemistry 19 (1989) 167-173. 
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(7) G. Gebel: Ionomer solutions: Polyelectrolyte or ionomer behavior? Macromolecular 
complexes in chemistry and biology, Eds: Dubin/Bock/Davis/SchulzyThies, Springer -Verlag 
Berlin Heidelberg 1994. 

(8) G. Gebel, B. Loppinet: Colloidal structure of ionomer solutions in polar solvents. Journal 
of Molecular Structure 383 (1996) 43-49. 

(9) B. Loppinet, G. Gebel: Rodlike colloidal structure of short pendant chain perfluorinated 
ionome solutions, to be published 

(10) Grot, W. G., Chadds. F.; European patent 0066369, 1982. 

(11) Martin C. R, Rhoades T. A., Ferguson J. A;, Anal. Chem. 54 (1982) 1639 

(12) P. Aldebert, G. Gebel, B. Loppinet, N. Nakamura: Polyelectrolyte effect in 
perfluorosulfonated ionomer solutions, Polymer, Volume 36, 2,431-434 (1995). 

(13) P. Aldebert, M. Guglielmi, M. Pineri: Ionic conductivity of bulk, gels and solutions of 
perfluorinated ionomer membranes. Polymer Journal, Vol. 23, No 399-406 (1991). 
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POLYMER/SOLVENT   CONTRAST VARIATION 
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Investigations of Electrocatalyst Membrane Interface in Proton Exchange 
Membrane Fuel Cells using Synchrotron Based X-ray Absorption Techniques 

Sanjeev Mukerjee and James McBreen 
Department of Applied Science, Brookhaven National Laboratory 

Upton, NY 11973 

The need to adequately understand the electrocatalyst membrane interface is 

paramount for better design of membrane-electrode assemblies such as those with higher 

anode CO tolerance, better stability at higher temperatures and cathodes with lower 

sensitivity for methanol crossover. The use synchrotron based x-ray probes, specially the 

x-ray absorption spectroscopy offer new insights and direct spectroscopic evidence of 

various processes occurring at these interfaces. The principal advantage, this technique 

offers is the ability to study electrocatalyst interface under in situ electrochemical 

conditions with element specificity. The two complimentary parts of the spectra, the near 

edge (x-ray absorption near edge structure, XANES) and the extended part (extended x- 

ray absorption fine structure, EXAFS) offer information on changes in the chemical-state 

and short-range atomic structure around the individual elements. Further, the ability to 

probe the short-range atomic structure allows the study of both nanocrystalline and 

amorphous materials akin to actual supported electrocatalysts, eliminating the need to 

extrapolate evidence from model systems. This presentation will attempt to provide new 

insights into the different behavior exhibited by various electrocatalyst interfaces brought 

about by variations in particle size, alloying and under-potential depositions etc. The 

ability to characterize changes in the electrocatalyst in terms of variations in the 

electronic and short-range atomic structures during conditions of CO adsorption and 

methanol oxidation on carbon supported commercial electrocatalysts such as Pt, PtRu, 

PtSn etc and their implications on the overall fuel cell performance will be described. 
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Absorption Coefficient, Ln (IJI) 
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NORMALIZED ABSORPTION 

3 
er 

c 3                         O o o -L 

c 3                         CO 

1 

o> 
i 

CO 

1 

ro 
i 

m z   , 
m   ro J 
33    ° 
O -< 
3D 
m   IJ. 
I-    o 
> 
-i 
< 
m 
H   o - 
O 
■o ** ^^\. • 
r- 1 * 
m   o ■ 
D 
O 

▼  T3 
3 O m s?> S. 
2:0 

o> 
■u 
(0 < 
'"-'     CO '. \ 

o 
C 
ST 
o" 
s 
o 
a« 
cr 
es 
S3 a 

rt 
63 
3 
o 

X! 

► 
ÖS 

o 

13  £^ 

> 

+" 

e 
n 

> 
> 
+ 

> 
> 

NORMALIZED ABSORPTION 

o 
Ö 

o 
co 

o 
en 

o 
co 

m 
z 
m 
33 
a & 
<   o 
33 
m 

< 
m 
-i 
O   o 
■D 

m o 
a m 

IO      O 
-4 
U 
(0 < 

1                     1                     1 

y     \ o 
  2.  ( O   

us O 
"fl 2 
«■♦■ 

2» z 
>1 
© 

s 
W 

sr W n> Ö 
O 

r w 
c*> c« 
S3 H 9 a G 

P H 
cr G cn 
O ^» 
in P5 *o <-»• 
o 
S3 
rt> 
a are 
CD 

233 



,(k)i? 

Absorption Coefficient, Ln { J I) 

oöDo-^rooro^oiODO 

X(k) k3 

Magnitude of transform 
o 
b o 

O 
b o 

33 
B> a 
M 

o o o 

3 

(D 
(0 

en M^< hi er 1/3 O c w l-t 

o CD 

B 

o H 
>-b 

to 
3 

n CO 

O 
O 3" 
a. 3 
3 
SO 
r^ 

P3 o 3 
B a. 

o 
O 
b 

*    o 

Oi 

l\3 o 

 1 1   1  

-= , 

"^•^                       t-H 

o 
SO rt- 

=»                        CD "\__^ Cu 

ffl 
X 
> 
T! 

^*»J 00 
CO 

T3 
CD 

V O 
r-t- 

2 
J 3 

234 



X (k) kJ 

oooo>^.N)oro-^c3>a)0 
r\o -i i i i i i i i L 

05 

PT        00    -| 

>c 

N) 

05 

Magnitude of Transform 

235 



Sptctral Brightness 
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The Methanol Oxidation Reaction : Bifunctional Mechanism 

OH 

I 
H+ 

O 

OH 

H+ 

H+ 

OH 

OH 
H+ 

\^ 

Pt + H20 -> Pt - OHads + H+ + e" 

M + H20 -> M - OHads + H+ + e" 

COads + OHads->C02 + H+ + e 

Motivation 

• PtRu/C exhibits enhancement for both methanol and CO 

electro-oxidation irrespective of the nature of interaction 

between Ru and Pt. 

• PtSn/C alloy is a good catalyst for electro-oxidation of CO but 

not for methanol 

• UPD Sn on Pt/C shows better performance for methanol 

oxidation as compared to Pt/C and PtSn/C alloy. 
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EXPERIMENTAL 

Electrocatalyst and Electrode Specifications (Pt and Pt Alloys) 
• Electrocatalysts: Pt/C, PtSn/C and PtRu/C 
• Source: ETEK Inc., (Natick, MA) 
• Alloy Composition: 50/50 weight percent, Pt/Ru (-71 atom % Pt) 
• Metal Loading on carbon: 20 percent on Vulcan XC 72 
• Pt loading: 10 mg/cm2 

• PTFE loading: 15 - 20 % 

X-ray Powder Di '/fraction Analysis 
Electrocatalyst Lattice Parameter 

0 

(A) 
Particle Size 

(A) 
Pt/C 3.9271 

(2.774) 
32 

PtRu/C 3.8907 
(2.751) 

35 

PtSn/C 4.0015 
(2.829) 

34 

UPD Sn on Pt/C 
Deposited from 2mMol SnCl4 in 1 M HCI04 at 330 mV vs. RHE onto Pt/C (ETEK) for 3.75 hrs (eSn = 0.6) 

50000 

£    40000 

PtSn/C ETEK 

<331> 

i    ~ 

10  20  30  40  50  60  70  80  90  100  110  120  130 

2(6) 

Powder x-ray diffraction pattern for the as received PtSn/C (ETEK) electrocatalyst 
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Voltammograms in 1 M HC104 with and without MeOH 
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Normalized Absorption 
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Normalized Absorption 
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Normalized ADsorption 

Normalized Absorption 
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A Pt d-band vacancy/atom 
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Normalized Absorption 

Normalized Absorption 
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Normalized Absorption 
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Normalized Absorption 
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Normalized Absorption 

o 
b 

n 

1 

s 

TJ TJ 
i > & 

,   3.   3 70 

A <   3' 
c 
5' 

■"—■■—... ^•-.,. ^ 
> 
3 
H—• 

v/ " 
\ -  ■•-■■■• 

\ 

A —21 
\ 

\ 

m 
3 
?      ■ 

*< 
3 
2. 
o»   ^ »*   o 
<' 
(D 

(D 
TJ 

m o a 
<D 

en   "■ 
a> 

(D 
<   M o 

Normalized absorption 

n 
s 

> 
a 

249 



5r 

a 
»-. a a 

p* 
Pi a- 
a 
1>5 

1 
& 

a 

a 

P4 
ft, 

Pi 

p* 
&5 

Co a 
a a 
ft. 

a 
a 
3 

■§ 
ft, 
CO a 
a a 
5 

Pi a 
CO 
P4 

1 

Pi a a 

a* a 
p* 

a 
p* 

1 
a 

CO 

3 

a 
2 

a a 
a. 
3 

a a 
». Pi 2 s &a 1! a P4 a a ^ p* <•*. «•», 5>5 Oi «•»* 

a. 

P* a 
a 

a 

P4 

J* P* 5* f 
1» 

a 
H 

a 
Pi 
p* 

ä 
«a. a 

• 
5« 

H 

& 
P* a, 
a 

5 

OS 

a 
3 

Pi 

a 
a^ 
p* 

a^ 

a- 

Pi a a 

3 

a-, a a 

& 
*t 

§ .^ 

«•* ps a i1 P4 Pi 

a* 

p^ 
P4 

3 

Pi a- 
& 

Qrq 

&a 

a 

^3 a 
a 
a 
>3 

a 
a 
«v. 

a- a- 

». a 

1 
O 
03 

<> a a a, 
a 
a a 

a 
| 

a^ 
p* a a^ 

a P4 a. a. a 
>3 f p* 

J3 a 3 *>«• Pi 
Pi a a 

a 
a a 

a 
a. 
«v. a 

a^ 
>> 
a 

a* a a 
Qrq 
P4 

Co 5" 
a a. 3 a a* a 3 &5 a 

»a a-. 
a 

*a a a« a 

PJ> 

p« 

a^ a 

3s 

ft. 

C»5 
CO a • 

a^ 
P4 

s 
p* 

Co 

a 

Co 
a 
P4 

• 

Pi a 

^ 

? 
5 

P4 

P4 

3 a* 
«v. 
Pi a* 

a 
a- 

a 

a a a a* 

&5 
P* 

a 
ft. CO 

a« 

P4 

ha 
Pi 

Pi 

1 
a 

OS 

a 

a 

it &»5 Pi «•«. OQ Ci •   "* 

3 <^« 
a <•* 

P* 
• 3 ^ 

a^ a 3 a* 
& a &ö «v. 

Ci 
«i a a a- 

i 
I 

250 



S3     c* fcq <t 

&5 3 

5 

a» 

05 

a 

•a 
51 

a 

Ci   a a- <* 

05 

a 

C*S Co 

8 05 

© a 

I 
a 

t 
a. 
Co 

a 

3 
a* 

a ^ 

a-. 
© 

©>* a 

a a 

Co 

ä 

a 

> n 

o 
r 
Ö 
o 
w 
H 

251 



p 
CD 

E2- &o 
on 
o 
cö" 
3 o m 
P 
3 
O- 
H n> o 
3- 
3 
O 
O* 

m 
cT 
o 
<—»■ 

i-t o 
3 
O 

*J 
CD 

CD 
P 
<-t 
O 
3* 

00 
H 

Los 4, 

> 
>T3 

to 

Uptake in # Waters per Solfonate 

3 

I  I   I   I I   |   I   I  I   |   I  I   I 

o o 
oo 

o 

o 

■  ■'■'■' '■■'■■  ' I    I    I    I    I    I    10    I    10  I 

co    o 

P       P 
O   T3 
CD    O 

<-t 

O 

cr 
CL 
»-S o 
CT 
O 
a- 
o 

CD 

d 
cT ^ 

C+ CD cr »-s 

s.§ 

CD    £ « 
3    ^ & 
CD    CD 

OQ     H> 
CD 

3 
P 
<—t- 

CD 

O 

CD 
CD 

»    P 

O 
3 

3   3 

o 

o  3  5 
d 
3 8 

cr 
P 
3 
CD 

° o    < 
CD < 
s ~   3 co ^    P 
P T5 
-• 2 O "» 
^ CO 

CO 

t—> 
CO 

r-t cr 
CD 

o 

CD 

3 
CD 

d 
<-► 
p 

CD 

o 

CD 
d 
cr 

o 

CD 

d 
rt 

R- 
CD 

cr 

P 
ft- 
CD 

p 
O 
r*- 

<' 
(—► 

'< 

P 
V 
o 
<1 

3 & 
o   Q 
co   T3 

cr 
CD 
d 
cr 
P 3   £L 

P 

co 

P 
(-1- 
CD 
co 
CO 

d 
I—' 

3» 
d 
P 
<-► 
CD 
co 
P 
d 

►a 

o 
►-+5 

P 
CD 
►"1 

d 
T3 
<-f 
P 
FT 
CD 

r 
o 

CD 
i-l 

P 
O 
c-t 
I—>• 

< 
c-t- 

P 
A 
O 

d 
'S 
w 
o 

O 

ft» 

C/5 

/fao^«^0 

VO 
00 252 



los 4A, 

o 
2. 

00 
o> 

CD' 
3 
o 
o 
p 

H 
CD 
O 
3" 
3 o 
o* 

tfl 
cT 
o 
!—t" 
It o 
3 
t—»• o 
c/3 

> 

Self-diffusion Coefficient (xlO cm   /s) 

I   I  I  I   I  I  |   I   I   I  I   I   I I  I   I  I   I  I   I   I  I  I   I  I   I   I  I   I 

?o < 
B 

CD rt 
C/3 
CD n 
S» o 

a 
U\ 

l-S 
O a 3" 

a 

s * ^^ 
C/3 u o 
H 

i 

rt 
3 

t—» HS 

■1 »—» 
CA 
c 

Ul 
o 
9 
ta 
it 

to o 

(O 

Oo 

•     «     O 

y   £   z 
*    3    s! 

S 
o 
O 

.ClO*«* 

OS 

© 

© 

Q 

S3 

© 

ft 

•-* 

© 
9 

00 253 



CD 2. 
pj 

on 
o_ 
n>* 
3 
o 
CO 
p 
3 
CL 

H n» 
o 
3* 
3 
O 
o 

o 
"-! 
O 
3. 
o° 

ct> 
C/3 
CD 
P 
•-1 
O 
3* 

00 
H 

Conductivity (S/cm) 

O 
p 

■i 
<-*  . .     O 

3    „ 
&    o 

»3 
B a;    u\ o 
s 

O 

• O o 
N> 
O   - 

k' s z 
8> ^ 3 

■1 3 

K) ca 
U\   - 

o 

o   o 

O 
© 
0 

o 

c 

ft 

© 

C1 

iio«*0 

> 

to 

00 254 



liOS4/ 
P 
et- 
CD 
3. 
p 

o_ 
o' 3 
O 
ft 
P 
n a 
H et o 
» o 

m 
oT 
o 
r-f 
i-s 
O g. 
o' 

JO 
a 
«i a 
$ o cr 

oc 
H 

Relaxation time (sec) 

o 
© 

o o 
— o K> 
171 W ly< 

-i—i   u I—i—i—i—i—I—i—i—i—r- 

O 

-i—r-i—1—i—i—i—r- 

z c 
3 a* n 
•1 
o 
"»5 

S3 

■a re 

o 
S 
to 
!■*■ re 

_I I I I I I I L_l I I I I I I I I I     I      I I I I I- 

CD 

»1 

© 
S3 

© 
3 

ft 

ft 

/fro*«* 

> 

00 255 



Los4/a 

p. 
p 
03 

00 
o o *-*. 
CD 
3 
o 
0) 
p 
3 

00 

3 
Q 
cT 

Ö l>0 

o. 03 < 
fD 

H 
CD 

fa 
O 

3 
00 

O 
3* 
3 

N 
fD 

3 
S1 

f? 
fD >> 

O h-. i> ff1 Z   OT 

OQ o 3 O o 5, 

m 
o 

ft) 
X 
o 
3" 
P 
3 

09 

S1 

C 
•73 

p 
fD 

o 
3 

-l     CD 

i-l 
O 
3 

<-f- 
P 3 

fD (D P O o 
03 *d o ** 

o i-h fD 

fD 

ft) 3 
fD 
i-t 
02 

t—■* 

3 

a 
fD o 

P 

N> 

o 
3* 3 03 

fD 
P 03 

*■ 

2 fD 
i-i 3 

oo i-h C 
H n 3^ 

> 

tsJ 

3  3 

o TO 

N>   P 

i-s 

P o a 
<# 

-ln(activity) 

o 
in 

. 
< • 

• 
■ 

• 
■ 

• 
  
 •
 
. * 

• 

» o 
< 

■< 

Z 
S. 
5' 

" 

■ 

* 

SJLOI**0 

(D 
(D 
m 

7 3 
B> CD 

O 
3 >< 

O -* 
-.1 € 

0) 
U I-* 

o fl> 
o C 

O ■o 
p* 

B) 
X 
(D 

Si 

AAG/RT 

o 
CD 

o 
en 

o o o 
to 

CO 

o' 
3 
@    « _L       00 

• 
• 

' 

- 
• * 

. 

• 

1 

1 

1 

. . 

. > 
85 

- 

■ 

3D 
H 
Z 

5' 
». 

3 
® 

o 

3 

Z -n 
'S. 3 
5 • 
3 m 
_i 3 
-l CD 

.-* <3 

3 5 

d 
^3 

c 
•s 

OO 256 



CD 

pj 
co 

on 
o 
CD 
P 
O 
CD 
P 
3 
a 
H a> 
o cr 

m 
o 
3 
3 
o 
co 

CO 
ft) 
p 

3" 

00 
H 

Los^yr 

to    U>    U\    VO    ►—    >—    U)    >^> 

bo   u> 

ON      -P>- 

<i   b 

b   <-n 

< o 5" &s ft 65 
•t «9 ^#- 
MM* o 3 o 

O c O0 s o n W5 ffi* 
S 
«■*■ 

MM« 

s 

ft 
S 

ores 

3 
ÖS 

3 
CD 

OfQ 

03 
|-t < «^ 

3 Gfl o ta 2» u>   u>   o' N*« o *i O 
^~j   L>   3 s 3 

km* o >1 

o ?r G h-A 
Lft o 9 C/5 M 

&5 

3 
o 

• 

»5 

3 
<t 
3 

'Z O a- a 
33 

"1 
o 3 W 3 C 

«■*■ ffi C/3 »——» N*« GA hd« 

►—> © o 
-J 3 BO s 

Log[Diffusion Coefficient (cm     Vs)] 

o\ '-yi 

as       '-"       'Ji       '-*        i.       '-"       ',!*> 

■>   I I  I I  I | I   I I  I | I   I I   I | I  I I  I | I  I I   I | I'TT'T'I I  l"T ¥ | I  I 

O* 

O o 

> 

<>•< 

0* 

o» 

<>•< 
x • o o 

>* >^ >• ^ 
II      II       II      !t 
—   vD    VJ   U 

■   ■  ■    ■   I   ■   ■  ■   ■   I   ■    ■  <    ■  I  <    I   t   I   I  III!  I   I   ■   I    I  I   ■   I   I    I  I   I    I  I 

rt 

So 

ft) 

H 

w 

% 
C 

Ö 
-a 

a 

ft 
O 

O 
3 

Xjoye*0 

to 

00 257 



<-► 
CD 
2. 

oo 
o *—»« 
n> 
P 
o 
CD 
P3 
P 
CL 

H 
CD 
O 
P" 
P 
o 
cT 

OQ 

s 
cT 
o 
<—f- 

o 
p 
o 

73 
CD 
CD 
P 
►-! o 
p* 

00 
H 

«-+•       H-. /-S 

p   (1) tl 

<§ CD 3 
K)H 3 

§.§ ST o 
3 ^ 
CD Cu 

P 

u> o 
O ° 

o CD 
n gi 

P CD 

C/3 «■*■ 

O i-h 
H-. O 
3 -« 

CD    fr   t- w   r*   H»- 

CD    O    |-J     O    H- 

'S 1 
M 
O    P 

oö" O 
^ s CD CD 
1-1 Hh 

2  cr 
S3     >-i 
r-f     pj 

CD S3 
O 

CD 3 
&= CD 
CD 3 1/3 a* 

A" 5 er CD 

CD     CT* 

—   CD 03  a. 

CD 

CD 

I 
CD 
Hi 
P 

CD 

cr 
Hi 
P 

CD 
en 

CD 

CD 
HI 
P 
S3 

OQ 
CD 

to 
i 

2- > 

§ i 
S. ° a- - 
Hi      CL 
P !=t 
S3 p 
CD   OQ 

l-K      0 

^ 2 CD o 
Hi 

^   S3 

a o 
Hi        C 
^ OQ ^ sr 
V ^ 
i—' ^ 

4^     H- 

Hi 

Water drag coefficient (H20/H+) @30°C 

3« a) 
(0 

o 
o 
ES 
(D 
3 

a. z 
(fl 
o 

> 
T3 

to 
Ul 

3                     Ul                     -t                     Ul to              u 

si» I3? 
■ 

am"; 
H.3g - 
£•3° 

„ 

»S» 
"♦»■2 0) c c - 

11 - 
1" 5   ■ 
(0 o- 
B-3 ■ 2. 
•< a 3"      - 

3 o >< a 
O" ■t ^ 

5' 01     - . a (B 

3 a 
a 3 " 3 (D . er 3    . 

- cr 

■ ■     - 

- 
>   > 

*    ^o^ 

R 

SB 

5? 

o 

3 

P 
B 

S 
ft o 
o o 
3 o 

IQTQ 

to 

00 258 



P 
CD 
3. 
P 

00 
o 
CD 

O 
a> 
P 
3 
CL 

H 
CD 
O cr 
3 
O 
cT 

s 
o 
r+ 

3 
3_ 
o" 
03 

*3 
ft) 
c« 
CD 
P 
I-! 
O 
3- 

00 
H 

iOS/Ji 

> 

3. 

bo 
r* 
3- 

u 
I—'■ 

5> CD 
»-i 
CD 

<—t 

P 
3 
i—'• 

O 

o 
OQ 

O 
c 
Cn 

■S 2. 
cn    CD 

*   O 
c 
ST 
>-$ 
•—'• a 
3* 

P 
«—► 

o 
3 

3 
o 
o 

►3 
o 
p 
<—f- 
CD 
CL 
i—'• 
3 
rt 
o 
CL 
CD 
00 
O 
*-t 
i—>• 

<-t 

o 
3 
en 
O 

cT 
o 
p 

N 
CD 
CL 

o 
3 

2   H 3    >-t 

CL   3 
O      ^ 
^    O 
3    » 

CD    O 
cn     CL 
o a 
p fe 
cr 3 
3-0Q 
p    CT* 

<-<   o 
Cn      ^ 

>8   P 
CD    3 
^     CL 

3 
P 

O 
en 

en 
O 
<f 
CD 

31 

rt 

p 
3 
en 

O 
•1 
<t 

O 

P 
rt- 
CD 

P 
3 
CL 

O    ° 
3    <-»- 

CD     CD     f? 
3   ^     " 

>-S 
CD 
C/3 
CD 
3 
O 
CD 

C/3 
o 

o 
3 
O 

o 
c 

X     CD 

PL & 
P    3 
3    P 
—.   (—h 

O 
3 
i—>• 

O 
en 
•—»• 
<-t 
CD 

5' 
P 

O    3 
CD    fo 

O 
3 

O 
o* 
i—f 
P 
I—'• 

3 
P 

C/) 
C 

P     CD 

P 
en 

3 
3 
O 

° C. 
» o 
O 3 
i-h p 

P 
CD 

CD     CD 
•t O 

<—► 
en 

CL 
3 
CD 

3' 2 

3 n 
S. * o   ~ 
3    XT 

>CT 
CD 
I-« •—'• 
O 
CL 
o 

>CT 
o 
<—h 

CD 
3 
Ct 
I—>• 
P 

o 
*-i 

<—► 
>-t 
P 
3 
en 

>CT 
O 

V 

3 o 
o 

^3 
o 
p 
rt- 
►—'• 

o 
3 

p,       3 

CD 
O 

P- 

^0^«* 

rt 

O 

oo 259 



p 
CD 

p] 

00 
o_ 
CD' 

o 
CD 

83 
3 a 
H 
o 
13* 
3 

cf era 

s 
CD" 
o «-» 
3 
3 
o" 
V 

CD 
v> 
CD 
83 
i-S 
o 
3* 

00 
H 

Los 4/ 

P 

o 

cr 
P 
GO 

o 
h-*• 
C-f 

h-»• 

B- 
CD 

FT 
CD 

P 
O 
<—f 

O 

3 cr 
P 

^3 
•-t 
O 
o 
B. o ° & 
o i-t 
C* cf 

0 ^ 
O CD 
<-K en 

S o 
G/3 ►-+> 

*5f 
CD 
■-* 

cT o 

o 
<-+■ 
CD 
c/i 

> 

£* 
CD 

o 
o 

o 
r-f o 
0 
a- 
►—k« 
CO 
CO 
O 
O 
P 
r-K 

o 
0 

?-b 

o 
0 

cr 
CD 

CD 
p- 

CO 

B- 
CD 

5"   3 
CD 
CO 
CO 

^   CTQ 
CD 

r 
►—k« 

FT 
CD 

cr 
o o 
CL 
o 

p 
r-f 
CD 
►-i 

i 
>-h 
t-t 
CD 
CD 

•I o 
o 

n o 
0 a- 
0 o 
h-k« o 
0 

■«ClO*«* 

o 

0 

o 
CM 

O 
0 
C/5 

,<& 

0 a 
o 
CM 

to 

00 260 



p 
<-► 
CD 
3. 

GO 
o 
ft» 
p o 
CD 
P 
P 

H 
CD 
O 
P* 
P 

cT 

m 
*—■* 

a» o 
r-t- 
>-t 
o 
p 
o 
on 

*J 
ft) 

CO 
p 

p* 

00 
H 

O 

P 

O 

S3 
^* 

o 
s 

? 
p c o 
"j 
P 

O 
»1 

P    ffl 
CD 
>-l 

O 
3      CD 

CD 
O 
<—t- 
i-l o 
i—'• 

O 
OS 

P 
3 
O- 
W 

CD 
3 
O 
CD 
P 
3 
O- 
H 
CD 
O 
3- 

o    £ 

Ö o 

CD 
O 
c—t 

o o 
3- 
CD 

C/3 

o 
3 

O 
3 

> 

N 

o 
N 
I—'• 

FT 

•^ 
P 
Ö n 

© 
3 O 

»1 
T3 ^* 

C 9 S" hä 
o 3 

*i 
CZ2 

8L ► 
C/3 § tud 3 ies 

bra a 
• • 

> 

to 

oo 261 



fa 

a> 
2. 

00 
o_ 
CD' 
3 
o 
CD 

fa 
3 

H 
CD 
O 
cr 
3 

cT 

o 
r-f 
i-i 
o 
3 
►-*• o 

ft) 

CD 
fa 
i-i o 
3" 

00 
H 

IjOS^y 

> n m 
O     3     X 
FT   o 

o 

CD 

CD 

r-f 
00 

00 
t—'• 

O 

oo 

o a- 
05 
CD 

< 
P 
rt- •—'• o 
oo 

P 

Q- 

c 
Q- »—'• o 
CD 
00 

00 

o 
P 
00 

o cr 
CD 

CD 

03 
I—>• 

O 

03 

o 
n o 
3 
CD 
r-t- 
CD 

00 

00 
(—►      _ 

»-t 
CD 
CD 

3   g1 

O      CD 
as     ^ 

GO 
c 
►-i 

p o 
CD 
00 

o 

00 

00 
o 
<! 
P 
►—'■ o s 

S 2 
8   3' 
3   I oo      C 

P      3 
cV m 
13     CD 

CD     *< 

ft     GO 
P   5 
™    o 

c 
CD 
V3 

02 

o o 
P   P 
P   tit 

3 

CD 
O cr 
P 
t—»• o 
P 

P 

< 
CD 

(—»• 
O 
r-K c 
CD 

ffl 

n u 
p p 

£ 3' S eg 
3 ft; 

CD 
oo 
a 
oo 

en 
I—»• 

O 
3 

w 
cT 
o 
«—^ 

o o 
oo 

3 o 
oo 
OO 

>T3 
CD 

ft   3 

W   O 
X     o 

p 

p 
3 a 
> 

i-t 
O 
P o 

CD 
3 
r-f 

o 
OO 
CD 
»-» 
<: 
P <-+ 

o 
3 
OS 

/CioV5' 

a. 

OO 262 



«"♦ 
CD 
I-! 
*-■ 

£L 

GO 
o_ 
CD' 
3 o 
CD 

P 
3 
CL 

H 
0) o 
3* 
3 
O 
o" 

era 

m 
o 
3 
3 
*>■*• o 
»3 

CD 
wa 
CD 
P 
i-t 
O 
3* 

00 
H 

> 
►1 

I 

O 

2 CD5 

£ S 

CD o p. o 
&0 

GO 

CD    O 
d 
CD 
&o 

I—'• 
00 

CD 

8* 
3 

P 
CD 

♦      ♦ 

3 > a 
p   ^     O 
C?U    3 

cr 
CD 
O 

V <3 
CD    O 
CL  ^ 
O    p 

5-3 
CD    p 

^    O 

o 
&0 

e? 
P 
3 
&0 

O 
>1 
<—t 
CD 
CL 

t-t o c 
CfQ 

&o 

CD 

o 
ÜQ 

CD 
3 
CD 
o 
GO 

CD 

♦     ♦ 

CL er   cr 
&0    &     ^ 

CD oo      oo 

~-   o. tr   tr 
3*  CD     CD 

e. o 
3    <! 
•O   CD 

i-t 

O 

P 
►-* 

P    OQ 
'     CD 

O 
o 
S3 

p 

o 
S3 

g 
CL 
CL 

3 
p 

o 
&o 

P 
S3 
CL 

P 
r-► 
CD 
•-t 

Q- 
&o 
r-K 

o 

3* 
CD 

O 3* 

CD P 

3> CD" s ^ 
CD M 
CL 
O 

CD 

B 
CfQ 

CD 
C/3 

r-h 
CD 
&o 

»-$ 
P 
S3 
CD 
•■O 

> 
"Ö 

-t 
O 
Q> 
o 

o 
o 
c 

(D 
< 

2L 
O 
o 
3 

■u 
■ 

o 
3" 
CD 
3 
■ 

CD a a 
<D 
CL 

O 
O 

CD 
3 
■ 

m 
3 

CO 

</> 

Sf 

5' 
(Q 

O 
■■■■ 

3 

O 
3 
® 

H o 
a 
CD 

O 

a2 

ft 

o 
to 
©, 

>1 
SB 

gl 

H 
S»    B- 

a 

o 

CD 
■1 

© 

CD 

iCio>«* 

© 
&9 

s 
► 

o 

00 
263 



2. 

00 o 
*-»■ 

3 
O 
CD 

P 
3 a 
H 
a» o 
3- 
3 

cT 

w 
cT o 
3 
3 
t—»• o 
c/2 

50 
CD 

a> 
P 
•-t o 
3* 

00 
H 

lx)S4/ 

o- 
tf1 

o 

C/) 
O 

CO 

/fjO1»«* 

CO 
O 

CO 

^ Z z 
CD 0) 0) 
-\ —♦» -^» 
rr o o 

13 13 
0) _l _i 

CD o -a 
ai >^J 

O m rn 
m £ :> 
:> II II 
ii 
CO 

—A ^A 

O —I 

o o o 
n o o 

m 

00 o o 

o 
o 

CD 

C/) 
I—f- 

c 
o 
I—I- 

CD 

CD 
3 
O" 
—* 
öD 

0 
CO 

> 

00 264 



P 
<-»■ 
CD 
2. 
p' 
t—* 

00 
o. 
CD' 
3 
o 
CD 
P 
3 

H 
CD 
O cr 
3 
O 
"o 

era 

& cT 
o <—^ 
»-! 
O 
3. 
o' 
V) 

*3 
CD 

CD 
P 
f? 
3- 

C/2 
H 

> 
f-t 

to 

00 

p 
CD 

P 

CL 

•-* 
O 
o 
C/3 

O 

CD 

o 
•-4 
CD 

CD 
CD 

O- CD 

p 3 

CD 3' 
-* 3- 
>-h CD 
>-$ hi 
° J?5 

3 8 
© £ 

CD oo 
h-. O 

Ä CD 
CD CD 

O CD 
3 p 
c« FT 

^        >>    << 

■ 

3- 
< ^ 
CD o- 
3* >-s 
i-*- O 

cT 
3 
3 

3 3 
CD i—'• 
O o 
tr 3 
P C/3 
3 3 
3 o 

< 
CD 

P 

1 
IO ■ 
CO 

o< 
I I c/> 
N>  W   O 
OOw 

+   ■ 

■too»«* 

© 
© 

P 
3 a 

■i 
ö 
S5 

© 

265 



p 
c-f 

3. 
p 

00 
o 
CD 

o 
o> 
p 
1=1 
G. 

H 
ft) o cr 
3 
o 
o* 

m 
CD 
o 

3 
3. 
o' 

*J 
CD 
wa 
CD 
P 
I-! 
o 

C 
<—^ 
a- 
CD 

H-     O 
CD O 
pa c« 
CL   CD 

1=5 
C/3 

3 
CD 
P 

3 ^ 
Crq 

P 

3 
Crq 

O 
a- 

erg 

3 
p 
CD 

a 
CTQ 
a* 
CL   CD 
1-1    " 

or 
o 
a    NH 

5- TO 
3 
P 

o 
CD 
CD 

a- ^ 
-,   P 

P H-. 
Crq    3 

CD 
•-! 
P o 
►—• 

o 
C/3 

C Hi* 

3   8 
o a 

Crq 

a o 
•1 
CD 
P 
Vi O 
a   3 

Crq    CD 

H o 
3 

3 
SB 
<-*■ 

Cft 
"I 

O 
9 
<■*■ 

s 

W3 
<—K 

o 
a 

crq 

a- 

o 
a 

3 
P 
CD 
on 

i-S 
O 
a 

Crq 

g  CD  a 
a  CD  o 

'   o  p 
CD 

p o 
a 

CD    P 
Vi      "" 

a 
a 
o 
o 
< 
CD 

cr o a a 

o 

& o a   a 

^   a- 
CD 
C/3 
CD 

r 
o 

p 

CD 
•t 

a   o 
a-   3 
a   *■*• 

p^ 

CD 
Crq 

►-*• 

O 
a 

S 03 

< © 
P !-» ^- •• 
n 
? H 

ft 65 

*i 2 

° 5 a p- 

QTQ 

^fjo^«* 

V A 

> 
13 
3. 

to 

oi( o °o*odgo-o/ 

oc"Oo 

°*001 og. 

Ö 
p 

CTQ 

00 266 



£> 
<—t 
CD 

»3 

on 
o *-*• 
re 
s 
o 
CD 

S» 
3 a. 
H 
CD 
O 
3* 
3 
o 
cT 

crq 
v: 

W 
?T 
o 
»1 
o 
3 
O 
on 

CD 
C/3 
CD 
P >-! o 
3* 

00 
H 

n 
cp^ 

a 

o 
CD 
3 
CD 
•1 
CD 

s 
n 
ET 

$ 
OQ 

CD 
(Z> 

o 
CD 
3 
rt- 

EL 
ffl 
CD 
i-l 

CfQ 
v; 
00 
3 
>-i 

p o 
CD 

n 
o 

to 

tO 
n 

i o 
o 

to 
n 
o 

O o 
to 
n 

to 
00 
o 
X 

n 
I o n 

to 
n 
J3 
n 

o 
o 

to n 
to 
00 
O 

to 
o 

o 
00 
O 

+ 
to 
o 

n 
o o 

+ 
to 
o 

00 
O 

u> 

3 

to 
o 

X 

ON 
i 

5 
■5f 

bO 

Os 

ON 

i—* 

o 

o 
CD 
o 
3 
CD 

•54-      •—" 

s * 
H<      O 

cz> 

O £  5 > 

-£10*«*° 

> 
T3 

O 
3 

to 
VO 

VO 
VO 
00 267 



s» 
CD 
2. 

00 
o_ 
cE' 
3 o 
CD 

3 
a 
H 
O 
3* 

cT 
CTQ 

m 
nf o 
<-»■ 

o 
3 
o 
C/3 

a> 
1/3 
CD 
P 
>-i 
O 
3* 

Los 4» 

(Z> h-'• r; 
O y 

CD 

C/3 

CD 
CD 
CD 

o CD 
CD 
O 

1—*• 

C/3 3 O 
o o U 
3 o O 
CZJ 3 c« 

<—h 
CD CD 5 
3 3 <—^ 

CD 

3 

CD 

CD 
O 

I—" 

3 
* C? 
»—»• >-{ o 3 
O P o 
3 o 

3 
3 
3 O 
3 
3 O 

cT 

ST 
CD 

> n 
n 
C/3 

®©<SL®®0® %0 g 

%%®@JL&J>0 

®   ® ® ® SKBflgSH 

J 

^JO^«*0 

ft 

o 
re 

> 

to 

00 268 



2 
s» 
CD 

VI 

00 
o_ 
CD" 
s o 
ft 
p 

a 
H 
CD 
O 
3* 
3 

m 
o 
<—»■ 

o 
3 
o 
Vi 

VI 
a> 
P 
i-s o 
3* 

00 
H 

> 

to 

ifjIO»«* 

H 
3 

o 

+ 

O 

00 
269 



p 
<—f 

CD 2# 
p' 
H—* 
CO 

00 
O 
CD 
3 
o 
CD 
P 
3 a 
H 
CD 
o 
3" 
3 
O 
O* 

m 
CD 
O 

3 
3 
O 
CO 

70 
CD 
1/3 
a> 
P 
>-i o 
3* 

00 
H 

L1OS4/ 

tO      U>      -P^      Ux      G\      O     00 

^.H»«* 

ffil 
1-1 

OTQ 

C 
»1 

to 
n 

> 

to 

*0 
00 270 



p 
CD 

p' 

GO 
g 
CD" 
3 
o 
CD 

P 
3 
Cu 
H n» 
o 
3* 

cT 
Cro. 

m 
cT 
o 
<-► 

3 
3 
o' 
1/3 

*3 
CD 
cz> 
CD 
P 
>-i 
O 
3* 

00 

•ag 
m 

' 1*3 ■, 

/do*«* 

n 
o 

+ 

O 

> 

to 

vo 
00 271 



CD 
3. 
EL 

CD' 
3 
o 
CD 

P a 
H 
CD 
O 
P- 
P 

cT 

w 
o 
3 
P 
O 
CO 

*> 
CD 
CO 
CD 

i-t 
O 
P" 

00 
H 

L0S41 

00 

ON 
>c 

* 1™>* 

> 
P. 

S3 a 

O er 

ex 272 



Los 4/ 

CD 
i-t_ 

5] 
t/3 öd 
00 U> 
o r 
CD' 
3 ^ 
o 
CD 5 
Sä 
3 ON 

i 
O- u> 
H 
CD 
O 

1—k 

o ■ 
3" •X- 3 
O * ö 

CTQ II 
Vs U> 
m 
oT 
o 
r^ 
i-S 
O 
3 
►-*• 

o 
t/3 

5ö 
CD 
Vi 
CD 
P 
l-S 
O 
3- 

,*-^ 
s 
00 
H 

> 

to 

3 
II 

iCM»«' 

00 273 



P. 

o 
CD 
3 o 
CD 

P 

a 
H 
CD 
O cr 
3 

cT 

W 
CD o 
3 
o 
1/3 

* 
CD 
c« 
CD 
P 
i-l 
O 
3* 

C/2 

+ JS% 

> 

Is) 

C(l)-H distance (Ä) 

G04^U10)-NI00C0O 

Ul 

!s 
3 

cn 

8 

♦ 

♦ 

♦ 
 4,  

♦ 

♦ 

♦ 

 1 <(  

♦ 

♦ 

♦ 

 «  

♦ 

♦ 

♦ 

 1 1 J  

•fCnn«* 

H 
o 
2 

00 274 



{» 
rf 
<D P_ 
Jo] 

on 
o 
*-■ 

CD s o 
CD 
P 
3 
Cu 
H 
o cr 
3 

CTQ 

m 
o 
<-♦ 

3 
3 
t—»• 

o 

*J 
CD 

CD 
P 
i-l 
O 
3* 

on 
H 

^ JÄS 

* 
• 

• 

1 1II 

■ 

■ 
* 

• 

• 

■ 

» 
• 

• 
• 

• 
'. 

■ 

♦ 

• 

1 

•    • 

• II 

« « 
■ • 1  

« ■ 

 '   Hi  

* . I 

* '  ■  

« I 

* ■ 

'—'—'—1—'—'—'—'—' '—I—U—I—i—I—I—I  

üo*«*0 

ei 
> 

o 

> 
a 
to 

vo 
00 

275 



p r+ 
CD 

C/3 

00 
o 
I-»« 
CD 
3 
O 
ft 
fa 

a 
H 
CD 
O 
3* 
3 
O 
o 

w 
o 

3 
3 
t—»• o 
C/3 

JO 
CD 
C/3 
CD 
P 

3* 

00 

f°s4/a 

Relative Energy (kcal/mol) 

K) U> Lft C\ -~J 

o 
> 
3 

cT 

CD 
Crq 

O 

O o 

o u 

o o 

3L 

s —•a 

i i i 11 i i i 11 i i i 11 i i i i 

^B 

1 
^ 

V 

^® .v 

"sr 
-ei 

ID 
I 
X 

on 
H 
O 

Q 

O 
<—t- 

<—► 
i—'• 

o 
3 

§• o 
c 

CD 

O 

a* o 

CD 
3 
Q- 
P 
c-► 

o 
P 
3 

Aio>«*-° 

o 

Si 

QTQ 

0 

> 
3; 
to 

*0 

00 276 



CD 
i-t 
P 
c/a 

00 
O 

CD 
3 o 
CD 

£> 
3 
CL 
H 
CD 
O 
3* 
3 
o 
o* 

W 
cT 
o 
3 
3 
O 
W3 

?S 
CD 
on 
CD 

o 
3* 

00 
H 

Los 4» 

o o 

r 

^ 
CXI 

CD 
P 

T3 1 
sr 
CD co 
3 p 

r-t- 
■"d 00 
P <—► 
Q- O 

8L 5/5 
o 
S3 3 

CD 
i O 

T3 sr 
O 
C/5 

P 
s 
o 
CO 

sr 
CD 
o 
»-* 

C 

CO 

> 
l-l 

co    £T 

3 c& 
<-►     S3 a. s 

o   ^ 

CD   cr 

CD     £• 
(^   CD 

r 
o 
CO 

> 
ET 
3 
o 
CO 

p 
<—► •—'• 
O 
S3 

r 
§- 
o 
p 
o 

r u 

o 
CfQ 
t-t 
p 

*    üo^ 

n 

© 
3 

OTQ 

3 
re 

C/5 

O0 277 



SLIDE COMMENTARY FOR FUEL CELL MEETING 

Held in Las Vegas, NV (April 28-May 1, 1998) 

TITLE SLIDE: Nothing needed for that. 

FIGURE 1: PHRVAPORATION 

In pervaporation, a liquid feed is evaporated across a membrane. The vapor that crosses, 

the permeate, is then condensed. The process has a selectivity which depends both on 

permeability and on volatility. 

FIGURE 2: DISTILLATION VS. PERVAPORATION 

The data sketched here are for ethanol-water. For a feed containing 20% ethanol, the 

equilibrium concentration in the vapor is above 60% ethanol. For pervaporation, the 

vapor permeate has about the same composition as the liquid. Thus for this feed, 

distillation is superior to pervaporation. For a feed containing 90% ethanol, distillation is 

compromised by the familiar azetrope, but the vapor permeate in pervaporation contains 

only about 5% ethanol. 

FIGURE 3: TITLE is at the top of figure. 
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Pervaporation membranes have much lower conductivities than those used in existing 

fuel cells. As a result, one might expect that they would not be suitable. However, 

because pervaporation membranes can be made thin—one micrometer or less—their 

conductance can be sustained by making the membrane very thin. What is important is 

less the absolute value of conductance than the selectivity, i.e. the ratio of conductive flux 

of protons to diffusive flux of methanol. 

FIGURE 4: CONDUCTIVITY VS. PERMEABILITY 

We seek membranes with both a high conductivity and a low methanol permeability. 

Such membranes would fall in the upper right hand corner of this figure. Membranes 

with constant selectivity but varying permeabilities would fall along straight lines with a 

slope of (-1), like the solid line shown. As the data show, Nafion has a high conductivity, 

but a high methanol permeability. PBI has a greater selectivity even though its 

conductivity is significantly smaller than Nation. 

FIGURE 5: FT ITT JRF DIRECTIONS 

Go with the text. 
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\   A-q    > 3 

Methanol Barrier Membranes 

Ed Cussler 

University of Minnesota 

Two Strategies 

(1) Good Proton Conductors 

(2) Good Methanol Barriers 
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1-^ «J 13 

Isn't Low Conductance a Problem? 

Conductance «GA cp/(thickness) 

Selectivity = proton flux/CH3OH flux 

oc H  

WcHfHWfW 

^ f(thickness) 
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''Ja' 

To Improve Selectivity, 

ß = ^Mm) 

WCH30HICH3°W 

Use 

(1) Small Electroosmosis 

(2) Small Cation Mobility 

(3) Small K 
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Direct Methanol Fuel Cells: 

Recent Advancements at LANL 

Shimshon Gottesfeld 

Los Alamos National Laboratory 
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Ix FROM C02 SENSOR (mA cm-2) 
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^»tiOB«/ Fuel efficiency: 
5 cm2 cell with Nafion® 117 membrane 

(0.50 V, 470 seem, 30 psig air) 

C|fc0H 
mold1 

Flow rate 
ml min'1 

U2 A cm' A cm'2 

F«d 
efficiency 

% 

6.0 0.50 0.070 0.560 11 

0.10 0.104 0.380 21 

0.05 0.122 0.210 37 

0.02 unstable 

1.0 0.50 0.186 0.102 65 

0.25 0.194 0.085 70 

0.20 0.200 0.063 76 

0.15 unstable 

0.5 1.00 0.186 0.036 —-—1 

\ 

0.50 0.188 0.026 88 

0.35 0.186 0.021 90 

0.25 unstable 

0.25 2.00 0.174 0.020 90 

1.00 0.170 0.011 94 

0.50 0.150 0.005 97 

0.30 unstable 

Conclusion:    Efficiencies in excess of 80% are obtainable with Nafion« 117 
membranes in small single cells at cMeoH < 1 M. 

Materials Science and Technology (MST-11) 
6 November 1997 
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Cell Volt (V) 
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Currant 4«n«*y / A cm' 
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Direct Methanol Fuel Cells 

Conclusions 

The  Anode  Electro catalyst 

* Furhter optimization of both PtRu catalyst 
and PtRu-based catalyst layer are possible 

* Is there an electro-catalyst better 
than PtRu ? 

Cross-Over/Fuel   Efficiency 

* Any new membrane development should 
focus on overall fuel efficiency and overall cell 
performance, not just on "lowering methanol 
cross-over" 

* Optimized overall cell structure and 
operation conditions could enable to achieve 
high fuel efficiencies in cells of high 
performance employing quite ordinary PFSA 
membranes 
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Direct Methanol Fuel Cells 

Conclusions 

The DMFC Cathode 

* How to operate at low stoichiometric 
flows of ambient pressure air may be the 
remaining important challenge for simple 
portable power systems based on DMFCs 

Technical issues : 

* Maintaining a hydrophobic surface in 
face of H.O/MeOH 

^Effective overall cathode geometry 
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Organic/Inorganic Nanocomposites as Potential Fuel Cell Membranes 

K.A. Mauritz, D. Mountz, D. Reuschle, R. F. Storey 
Department of Polymer Science 

University of Southern Mississippi 
Hattiesburg, MS 39406-0076 

1. Introduction 

Organic/inorganic hybrid formulation via sol-gel reactions in polymers is 
occurring in a diverse, multidisciplinary arena in efforts to create advanced heterogeneous 
materials .   These hybrids are often tailored on a nanoscopic scale, i.e., each of two or 
more phases has at least one dimension < -100 nm, although scales < 100 Angstroms are 
encountered. Here, we discuss the work of Mauritz et al. with regard to potential 
applications in the arena of PEMs. 

In sol-gel processes, acid or base-catalyzed hydrolysis -> condensation reactions 
of inorganic alkoxides occur in a solvent containing water. Proper drying of the swollen 
gel can produce an inorganic oxide glass. Reaction variables include water:alkoxide 
ratio, solvent, pH, temperature, and drying method. The ability to conduct sol-gel 
processes at low temperatures allows for production of organic/inorganic hybrids via 
polymer-m situ sol-gel chemistry. In one scheme, alkoxide + water + solvent + pH 
factors, are imbibed by a pre-formed polymer film. Nature of polymer functional groups, 
Tg, and polymer morphology (crystallinity, phase separation) can influence the in situ- 
grown morphology of an inorganic oxide phase. 

Mauritz et al. discovered that phase-separated morphologies of copolymer 
ionomers can act as templates for in situ sol-gel polymerizations so that inorganic, or 
organically-modified silicate (ORMOSIL) nanophases can be tailored within ionic 
domains. A polymer exploited in this regard is Nafion®. Recently, hard/soft block 
domain morphologies of elastomeric, sulfonated polystyrene-polyisobutylene-polystyrene 
block copolymers were employed in this capacity. 

1. Perfluorinated Ionomers as Sol-Gel Reaction Templates 

a. Nafion®/[Silicate] Hybrids 
The morphology of Nafion® consists of clusters of sulfonate-terminated 

sidechains in a semicrystalline perfluorocarbon matrix2. Our work3 was initiated 
assuming that this morphology would act as a template that catalyzes the sol-gel reaction 
and influences the geometry of the ultimate inorganic oxide phase. On exposure of 
Nafion® to a solution containing water, alcohol and hydrolyzed alkoxides, these polar 
molecules will preferentially migrate to the polar clusters. Subsequent polymerization of 
sorbed alkoxides is confined to these clusters which are viewed as nanometers-in-scale 
reaction vessels. 

1100 EW, -SO3H membranes were pre-swollen in MeOH/water solutions. 
Alcohol enhances permeation of tetraethylorthosilicate (TEOS) monomer and hydrolyzed 
variants and incorporated water (H20:TEOS = 1:1 mol/mol) initiates sol-gel reactions. 

304 



Having removed the membranes from TEOS solutions, they were dried to remove 
volatiles and further drive SiOH condensation. 

SAXS analyses of these hybrids established that the phase separated morphology 
of Nafion® persists despite invasion by the silicate phase4, reinforcing our hypothesis of 
a 3-D template in which reactants are sequestered in clusters and the morphology directs 
silicon oxide phase geometry. Mechanical tensile studies indicated silicate phase 
percolation in that isolated clusters ultimately become inter-knitted by polycondensation 
reactions. FTIR spectroscopy uncovered a silicate network that grows to be increasingly 
less interconnected and that there is a large fraction of SiOH groups in/on these 
nanoparticles 5. 

b. Nafion®/[Organically-Modified Silicate] Nanocomposites: Organic Modification of 
Surfaces of Silicon Oxide Nanoparticles6 

SiCfyi -x/4](OH)x nanoparticles were generated via sol-gel reactions for 
TEOS within Nafion®-H membranes. SiOH groups were post-reacted with 
diethoxy-dimethylsilane (DEDMS), resulting in organically-shelled and interknitted 
nanoparticles. FTIR and 29Si solid state NMR spectroscopies established structural 
incorporation of dimethylsilane groups onto silicon oxide cores and established 
degree of molecular connectivity within the silicate phase. Mechanical tensile 
experiments suggested linking of silicon oxide nanoparticles upon DEDMS post- 
reaction. 

2.3 Nafion®/ORMOSIL Hybrids 
Nafion®/ORMOSIL hybrids were formulated via sol-gel processes for 

TEOS and DEDMS mixtures, Q = Si(0,/2)4 and D = (CH3)2Si(Oi/2)2 being 
network building blocks. FTIR spectroscopy quantified condensation extent by 
analyzing Si-O-Si and Si-OH bands, the former having components corresponding 
to Si-O-Si groups in cyclic and the other in linear substructures7. Shifting of the 
Si-C stretching band and shifting of the angular deformation band for Si-O-Si 
groups with variable D:Q implied random co-condensation between Q and D 
units, rather than Q and/or D block formation. 29Si NMR investigations 
established that in situ D:Q is identical to that of the external monomer solution 
and provided more evidence of random co-condensation between TEOS and 
DEDMS8. As D:Q increases, ORMOSIL nanostructures are more hydrophobic 
and flexible. SAXS studies reinforced the morphological template concept for 
silicate, ORMOSIL and dimethylsiloxane phases in that scattered intensity vs. 
scattering vector magnitude plots retain the "ionomer peak"9. 

Pyrene (Py) photoprobes interrogated nanostructural polarity within (1) 
Nafion®/silicate and (2) Nafion®/ORMOSIL membranes10. In Py emission spectra 
having 5 vibronic peaks, peak 3 (383 nm) to peak 1 (372 nm) intensity ratio (I3/I1) 
decreases with increase in environmental polarity around Py. The interior of a pure 
silicate phase in which S03" groups are embedded (1) is most polar. Polar/nonpolar 
interphases in (1) are next in decreasing polarity. The interior of the ORMOSIL phase in 
(2) has lowest polarity, reflecting presence of CH3 groups and the interphase in (2) ranks 
higher in polarity. Equilibrium water uptake is ordered: Nafion®/ORMOSIL < unfilled 
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Nafion®-H < Nafion®/silicate. Significant, within the context of PEMs, is that the 
hydrophilicity of unfilled Nafion®-H can be tailored to be greater/lesser, as I3/I1 and 
water uptake correlate inversely. Hydrophilicity of clusters in Nafion®-H was enhanced 
by inserting silicate nanoparticles, attributed to the presence of many =SiOH groups to 
which numerous H20 molecules can H-bond, as depicted below. 

© 
Oil u ii   H H 

OH ÖH OH 

H Ho-Ha 

f" Ho 

°H°H'0 H       H   H 

DSC and DMA studies suggest sidechain entrapment in silicate nanoparticles. The 
following figure shows that Nafion®/silicate has the greater affinity of H20 over MeOH 
whereas the order is reversed for unfilled Nafion®-H in the sorption studies illustrated 
below  . The potential for tailoring membranes for use in direct methanol fuel cells is 
evident. Moreover, the fact that H20 molecules strongly hydrate silicate nanoparticles 
has implications regarding membrane water management problems encountered in high 
temperature fuel cell operation. 

Equilibrium Water Uptake Equilibrium Methanol Uptake 

wKk 
11111 

llllP 
löiP 
mm 

w 
■ 

u% k>\\ 

w 1:0       1:1 0:1 1:0      1:1      0:1 

Dielectric loss (e") vs. frequency (f) for the Q:D = 1:0 hybrid exhibits e"~ f"n behavior 
over a broad range, suggestive of intercluster proton hopping11. The large hydrative 
capacity of this hybrid coupled with facile proton migration has implications within the 
realm of PEMs. 

The integrated TGA-FTIR technique probed thermal degradation by identifying 
gas products vs. temperature12. The H-form formulated by first incorporating Si02(1 

x/4](OH)x cores, then organically modifying cores via post-reaction with DEDMS, has 
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greatest stability; SO2 evolution retardation was rationalized in terms of sidechains 
immobilized within silicate cages. 

Asymmetric silicate composition gradients were created along the thickness 
direction for 1-sided TEOS permeation13. Sol-gel reactions of TEOS were also 
conducted within Nafion® (COO-/SO3-) bilayer membranes14. Silicate composition 
gradients can generate gradients in membrane hydration across the thickness for purposes 
of water management owing to membrane dehydration encountered at high temperatures. 

2.   Poly(Styrene-Z>-IsobutyIene-&-Styrene) (PS-PIB-PS) Ionomers as Sol-Gel 
Reaction Templates 

It was demonstrated that the phase separated morphologies of linear, sulfonated 
PS-PIB-PS block copolymer membranes that were ion exchanged to the 
benzyltrimethylammonium form also act as sol-gel polymerization templates for TEOS. 
Organic synthesis methods, including living cationic polymerization of PIB and the use of 
a real time, remote, in situ FTIR reaction probe, have permitted the tailoring copolymers 
having low polydispersity and precise block lengths. Hydrolyzed TEOS sorbed from 
external solutions migrates to, and assembles into bonded silicate nanostructures within 
the ionically-modified PS domains when DMAc is the carrier solvent. This cation- 
solvent combination is critical. Given sufficient hydration arising from numerous =SiOH 
groups, as illustrated in the first figure, as well as the presence of contiguous hydrogen 
bonding pathways along which protons can migrate, these hydrocarbon-based membranes 
may be PEM candidates for low cost, portable fuel cells for which long lifetimes are not 
critical. A key element in this strategy is the structuring of water by the silicate 
nanostructures. The silicate nanostructures, in turn, are organized by the natural phase 
separated morphology of the block copolymer ionomer template. 

The figure above is an AFM micrograph (tapping mode, phase) for a PS-PIB-PS 
based hybrid having 18 mol% PS outer blocks that are sulfonated 16 mol% and there is 
6.5% silicate uptake. A very well-defined morphology consisting of PS rods whose 
inter-axial spacings are ca. hundreds of Angstroms is seen. This is reasonable for this 
type of block copolymer at this composition. The entire field-of-view is 4 fxm X 4|im. 
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Membrane Applications 
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CHEMICAL/MORPHOLOGICAL TAILORING OF 
INORGANIC OXIDE PHASE 

Inorganic Oxide Molecular 
Interconnectivity: 

cyclic 

Sol-Gel 
Reaction 
Time-H+ — ► 
Catalyzed 

linear, branched 

Percolation of Inorganic Nanoparticles: 

Sol-Gel 
Reaction 
Time-H+  -► 
Catalyzed 

Post-Chemistrv/ "Shelled Inorganic Oxide Nanoparticles: 

-30-50A- 

OH    OH      OH 
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NONPOLAR, 
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Linear and Cyclic Subunits 
of Si02n.^4](OH)x Structures 

Si-0-Si-O-Si-O-Si-O-  Si-O-Si-0 
6 ^ linear .^ £ 
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w -O-Si- ö 

cyclic 
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NANOPARTICLE "POROSITY" 
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29Si Solid State NMR Spectroscopv 

Qn = (SiO)nSi(OR)4.„ 

e.g., Q3 = 

OSi 
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(a) 

Unfilled Nafion   \ 

Interface of 
cluster and 
TFE matrix 

Ionic cluster 

'"'iVfVss.y/.'/SS/S' 

(b) 
Nafion/Si02 

Hybrid 

(c) 
Nafion/ORMOSIL 

Hybrid 

Py = PYRENE 
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Equilibrium Water Uptake Equilibrium Methanol Uptake 
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HYDRATION MICROSTRUCTURE AROUND 

SILICATE NANOSTRUCTURES 

ISSUES RELATING TO LONG RANGE PROTON 

CONDUCTION 

(1) Nafion ®/SiÖ2 membranes have greater 

hydrative capacity than Nafion ®-H* membranes 

-   =SiOH group interactions 

(2) Hydration Microstructure 

• H-bonded vs non-H-bonded H20 

• =SiOH —H20 interactions 

• Requirement: Structure long H-bonding 
pathways - contiguous silicate 
nanostructures 
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MORPHOLOGICAL TEMPLATES FOR in 
Situ SOL-GEL POLYMERIZATIONS 

Phase Separated Block Copolymers: 

BCCSpluKf       HPCy]uid*n OBDD LanulW OBDD HP Cylindtn        BCC Spheres mm 
.17 .28 .34 .62 

volume friction of polystyrene 

.66 .77 

Template Hypothesis: Alkoxide monomers 
preferentially migrate to, polymerize and form 
nanostructures within only one domain. 

e.g. PS-PIB-PS: 

(si(01/2)4)n nanoparticle 

Q=Si(01/2)4 

PIB 

X+ = H+, Na+, ™ Cs+ 

! J?Q QQQQ i 
^x+x+x-^+lQI 
\ Q 
\Q _ x+x+ x+ x+ 
TQQ QQQ Q/ 
\QQQQQZ PIB 
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BCPI Solvent Swelling Profiles 
(Benzyltrimethylammonium Form) 

in 
Dioxane(O) 
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ESEM/EDS Profile 
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[PS-PIB-PS ionomer]IS'\02 

cryo-microtomed/tapping mode (phase) image 
4.00 
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76,900 /18 mol% PS - sulfonated 16 mol% 
benzyltrimethylammonium-exchanged 
sol-gel reaction using DMAc solvent 

- 6.5% Si02 uptake 
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RELATIONSHIP BETWEEN PROTON 
CONDUCTIVITY AND INFRARED CONTINUOUS 

ABSORPTION 

"Easily Polarizable Hydrogen Bonds - Their 

Interactions with the Environment-IR 

Continuum and Anomalous Large Proton 

Conductivity" 

The Hydrogen Bond, Recent Developments in 

Theory and Experiments, Vol. II. 1976 

P. Schuster, G. Zundel and C. Sandorfy, Eds. 
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Easily-polarizable H-bonds perturbed by: 

• proton dispersion forces 

• ions 

• polarity of environment (reaction field) 

• thermal rearrangements in environment 

Consequence: 

IR continuous absorption beginning at O-H 
stretch and extending to lower wavenumbers 
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Proton Transfer and "Structural Diffusion" 

(G. Zündet) 

Dynamic equilibrium between proton boundary 
structures: 

(I) H2OH+—OH2 <->H20— H+OH2 (II) 

Rapid H+ transfer within H30
+ to outer H atom in II: 

H+OH9 ->HOHH+ 

Another H+transfer with 3rd H20 molecule, etc. 

Thermal rearrangement redefines H502
+ groupings. 
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Proton Transfer within Hydration Structure of 
OH'-Containing Nafion® Membranes 

Signature: Infrared Continuous Absorption 

ABSORBANCE 

4000       38'00       äiSÖ      34'00        325Ö       30'00       28'00       2^00 
VWVENUMBERS 

E (due to cation) 
—► 

K+ HOH — OH <-> HO — HOH 

K.A. Mauritz and C.L. Gray, Macromolecules, 16, 1279 (1983). 
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Introduction 

Ion-conducting polymers, or polymer electrolytes, are being utilized in an increasing base of 
applications which encompasses batteries,1 fuel cells,2 capacitors,3 and electroluminescent 
devices.4 We review here our collective efforts to design simple and inexpensive polymer 
electrolytes based on block polymers that have a wide array of useful characteristics, 
including excellent ion (especially proton) conduction, ion-exchange capability, modification 
of with redox-active ions for use as coatings for polymer-modified electrodes, and 
electromechanical responses in relatively small electric fields. Our work was initiated with 
the goal of developing low-cost proton conductors for use in hydrogen fuel cells which as an 
alternative to Nafion membranes. However, the rich array of morphologies and properties 
afforded by block copolymers5 offered interesting opportunities for the design of materials 
exhibiting all of these characteristics. 

Nafion is the most widely studied ionomer for use as a PEM due to its high conductivity and 
excellent chemical stability. The material consists on microdomains with phase segregation 
being driven by the chemical dissimilarity between the non-polar fluorinated backbone and 
the highly polar acid terminus of the side chains. It has been proposed that Nafion possesses 
an inverted micellar structure, with spherical (ca. 40-50 A diameter) clusters lined with 
sulfonic acid groups, which are interconnected via ca., 10Ä channels.6"8 However, a recent 
re-evaluation of existing data has led to the proposal of lamellar domains that are locally 

planar.9 The conductivity of H form of Nafion when fully hydrated approaches 0.075 S/cm, 
making it an attractive material for a PEM.10 

Our approach for a low-cost polymer electrolyte with comparable ion-conducting properties 
was to attempt to exploit inexpensive, hydrocarbon-based block polymers as a new class of 
PEMs which would have interconnected domains of sulfonated polymer chains, affording a 
high conductivity and good mechanical integrity derived from the remaining block(s). We 
elected to heavily11 sulfonate selected commercially available styrene/ethylene- 
butylene/styrene (SEBS) triblock polymers (Kratons G1650 and G1652 from Shell), as these 
contain a saturated carbon center block which should be inert to the sulfonation reaction.12-13 

The general structure of the sulfonated polymer, manufactured by the Dais Corp., is shown in 
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Figure 1, which we will simply refer to as sulfonated, or S-, SEBS. Transmission electron 
microscopy of cast films of the sulfonated polymer (ca. 60 mole% of the styrene units 

sulfonated, stained with R.UO4) reveals distinct, phase-separated structures which indicate a 
lamellar structure with thicknesses of approximately 250Ä. Much of the work reviewed here 
has focused on S-SEBS with sulfonation levels of 50-60% of the total styrene units. 

Proton Exchange Membranes and Fuel Cells 

The proton conductivity of S-SEBS, measured using a.c. impedance techniques on fully 
hydrated samples, reveals an expected sulfonation-dependent conductivity,12 which 
approaches 0.08 S/cm at sulfonation levels of ca. 60%. This high conductivity renders S- 
SEBS a desirable material for use as a proton exchange membrane, and hydrogen fuel cells 
have been successfully constructed using such membranes.14 The hydrocarbon nature of 
these materials necessitated the parallel development of electrodes with requisite catalytic 
activity and good interfacial bonding to the membranes.15 Single fuel cells derived from 
these electrode/membrane assemblies can exhibit a current density of about 400 mA/cm^ at 

0.5V (ca. 200 mW/cm^) using air at atmospheric pressure without humidification.14 

Electrochemistry of Immobilized Species 

Ion-exchange polymers such as Nafion have been extensively studied as electrode coatings 
for the design of chemically-modified electrodes.16 We have found that S-SEBS can serve as 
an ion-exchange membrane and that it can be employed in a similar capacity as an electrode 
coating. For example, cationic, redox-active molecules such as trimethylammoniummethyl 
ferrocene, methyl viologen and ruthenium tris(bipyridyl) are readily exchanged for sodium 
ions in neutralized S-SEBS films, and the electrochemistry of these immobilized species has 
been studied in some detail.17-18 The S-SEBS  films appear to be good blockers of 

polyanionic species such as Fe(CN)64", which might be important in biosensor applications. 
The ability to control the block lengths and extent of sulfonation in our materials can dictate 
the morphology of the electrode coating, which may effect ion transport, electron exchange 
kinetics, and binding constants of electroactive species. We therefore have a unique 
opportunity to explore the effect of supermolecular structure of the redox molecule-loaded 
polymer films on these basic issues which are of great importance in applied 
electrochemistry. 

Electromechanical Response 

Many hydrogels immersed in an electrolyte solution deform in the presence of an electric 
field, and therefore they are capable of transducing an electrical stimulus, sometimes via a 
concomitant chemical change (e.g., pH), into mechanical energy.19 We found that S-SEBS 
bends rather rapidly (ca. 2-3 sec) toward the cathode when immersed in aqueous salt 
solutions such as Na2SÜ4 and that the bending tracks field reversal for many cycles. Typical 
field strengths are in the range of 8-10 V/cm. The maximum extent and kinetics of bending 
are dependent upon the Na2S04 concentration, field strength, and degree of sulfonation of 
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the polymer.20-21 S-SEBS is to our knowledge the first example of a multiphase block 
copolymer with electromechanical activity, and further work will seek to establish 
relationships between electromechanical response and microphase morphology, block length 
and block composition. Possible applications of such materials include actuators, 'artificial 
muscles,' and electric field-stimulated drug delivery. 

Conclusions 

S-SEBS at sulfonation levels of 50-60% is a versatile ion-conducting, ion-exchange hydrogel 
with several potential applications. Studies are underway to further understand the 
morphology and properties of this interesting class of materials. Also, additional applications 
continue to be explored, including the use of S-SEBS as a matrix for dye immobilization for 
the quantitative analysis of metal ions.22 
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FIGURE 1: Structure of S-SEBS 

(CH2CH)n-[(CH2CH2)x-(CH2CH(CH2CH3))y]m-(CH2CH)n 
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Bending Angle in Degrees 
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Steady-State Bending Angle in Degrees 
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SULFONATED POLYIMIDES AS NOVEL 
PROTON EXCHANGE MEMBRANES FOR 

H2/02 FUEL CELLS 

Michel PINERI 
Departement d'Etude des Materiaux, SCPM, CEA/Grenoble, 17, rue des Martyrs 

38054 GRENOBLE cedex 9, France 

Solid polymer H2/02 fuel cells are considered as a promising technology for the 
production of electricity. [i,ii] Powerful and long lifetime fuel cells are now 
developped using perfluorinated ionomer (PFI) membranes as solid polymer 
electrolyte, [iii] However, in spite of outstanding properties such as high proton 
conductivity and high chemical inerty, these PFI membranes are costly to manufacture 
as thin films (=600$/m2) which is a major drawback for the development of such 
technology for the electric vehicle application, where around 10 square meters of 
membranes are necessary. The main requirements for a membrane to be used in solid 

polymer electrolyte fuel cells are : i) an ionic conductivity larger than 10 S/cm at 
80°C, ii) good mechanical properties and a low permeability for oxygen and hydrogen 
in order to be able to use thin membranes, iii) an excellent chemical resistance which 
allows a lifetime larger than 3000 hours in the fuel cell operating conditions, iv) a cost 
in agreement with the commercial requirements for the fuel cell market. Over the last 
few years, several approaches to develop new proton conducting and low cost 
membranes for fuel cells have emerged. For example, Ballard Corp., which is very 
active in the field, has proposed a new less expensive polymer named BAM3G [iv]. 
The synthesis of proton exchange membranes via the sulfonation of polymers such as 
the poly(ethersulfone) [v] or the poly(arylether ketones) [V1] has been also investigated. 
Most of the protonated polymers investigated in order to prepare low cost membranes 
to replace the PFI membranes exhibit a lifetime which does not exceed 1500 hours in 
fuel cell operating conditions as observed for membranes prepared by radiation 
grafting and sulfonation.v" Since the polymers presenting aliphatic chains seems to be 
sensible to oxidation, we expected that polyaromatic polymers could be a good 
compromise to obtain low cost membranes presenting the required lifetime. The 
polyimide polymers are known for their good thermal and chemical stability and 
appears as a good candidate for proton exchange membranes when sulfonated. In this 
paper, we present first results about the synthesis, the structural characterization and 
the fuel cell tests of these novel membranes in comparison with the classical PFI 
membranes. The molecular structure of polyimides are represented in table I. 
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Acronym 

phthalic SPI 
BDSA/OPDA/ODA 

naphthalenic SPI 
BDSA/DNTA/ODA 

Structure 

o o /*»" 

©3-©-0-©- 

<-©-- 

TABLE I - STRUCTURAL VARIATIONS IN SULFONATED POLYIMIDES 

Sulfonated polyimide synthesis. 

Numerous experiments were run to determine the proper reaction conditions, 
including reagent concentration, addition sequence, solvents and temperature. For 
both phthalic and naphthalenic polyimides, the synthesis in one-pot/two-stage 
procedure in phenolic solvents was found to be the most effective for producing 
imidized materials. First the sulfonated sequence was prepared by offsetting the 
monomer stochiometry BdSA/OPDA or BdSA/DNTA in favor of BdSA monomer. In 
a second stage, ODA and OPDA or DNTA monomers were added to extent the 
polymer chain. The molar ratio of BdSA over ODA for each polymer was fixed at 
30/70. 
The copolyimide BdSA/ODA/OPDA soluble in DMSO d6 was structurally 
characterized by *H and I3C NMR. The spectra were consistent with the expected 
structure. For the naphthalenic polyimide, the structure was confirmed by FTIR. 
Although we are not able to correctly determine the molecular weight of these 
polymers, the question of whether high molecular weight polymers were prepared was 
answered by several observations. All these polymers were highly fibrous materials. 
Films could be produced by casting solution which are tough and finger-nail creasable 
indicative of substantial molecular weight. 

Physical characterization. 

The water uptake of membranes is usually defined in weight percent with respect to 
the weight of the dry membrane. The water uptake at 25°C for the phthalic and 
naphthalenic SPI membranes are 26% and 30%, respectively. The water uptake 
observed for PFI in the same conditions is 20%. The water uptake obtained for the 
different membranes can not be compared due to the large value of the perfluorinated 
matrix density (2.1g/cm3), and should be replaced by the water uptake by volume. 
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Since the polymer density is not known precisely for the SPI ionomers, the solvent 
uptakes have been expressed as the number of water molecules per ionic group, X. 
The X values for the phthalic and naphthalenic SPI and PFI membranes are 12.5, 13.2, 
and 12, respectively. These values appear to be similar and allow to consider the PFI 
membranes as a good reference for the conduction properties. However, the effect of 
temperature is strongly different between SPI and PFI membranes. For PFI 
membranes, the solvent uptake increases exponentially with the temperature/'" while 
the solvent uptake is almost constant varying the temperature for SPI membrane . 

The hydrogen gas permeation experiments performed on dry films showed that 
these polyimides are less permeable than Nafion membranes by a factor of 3.ix 

Nevertheless, the permeation experiments should be performed on swollen 
membranes since it is well known that the gas permeation is considerably larger in the 
ionic domains compared to that in the polymer matrix. 

The ion-exchange capacity was determined by the usual titration method. For the 
phthalic SPI membrane which is soluble in DMSO-d6, the ion-exchange capacity was 
also determined by the analysis of the NMR lines areas for both 'H and 13C atoms. All 
determinations are in good agreement with the theoretical values 1.16meq/g and 
1.26meq/g for the phthalic or naphthalenic SPI, respectively. 

A preliminary small-angle neutron scattering (SANS) study of the membranes 
was performed in order to evidence the phase separation between the ionic domains 
and the polymer matrix. The first observation is that the spectra obtained for the PFI 
and phthalic SPI membranes present a well defined scattering maximum, called 
ionomer peak, which indicates the presence of ionic domains. The intensity of the 
ionomer peak is larger by a factor of 100 and is located at a q value lower by a factor 
of 10 for the phthalic SPI compared to the PFI membrane indicating that the ionic 
domain are roughly ten times larger. This result is confirmed by the analysis of the 
intensity scattered at large q values which is related to the dimension of the scattering 
particles through their surface over volume ratio. These results can be understood as 
an effect of the block character of the SPI polymers. The ionic groups are gathered in 
blocks along the polymer chain and the ionic blocks are separated by long 
hydrophobic sequences which allow to form large ionic domains which is not oberved 
in statistical polymers such as PFI membranes. 

The SANS spectrum obtained for the naphthalenic SPI membrane presents a 
high level of scattered intensity at low q values indicating also the existence of large 
ionic domains embedded in the polymer matrix but the fact that no ionomer peak can 
be observed shows that the distribution (or the shape) of the ionic domains strongly 
differs compared to the phthalic SPI membranes. The effect is due to the rigidity of 
the polymer chain which is considerably larger for the naphthalenic SPI polymer 
compared to the phthalic one and not due to the number of atoms in the heterocycle 
but to the absence of ether bridge in the naphthalenic dianhydride monomer. 

Fuel cell experiments. 
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At the beginning of each fuel cell test, the performances of the fuel cell 
increased up to a plateau. The polarization curves were recorded when the steady state 
condition were achieved (=24h). The polarization curves are presented on Figure 1 for 
the two SPI membranes studied in this work along with the PFI membrane one as 
reference. In these experiments, the thickness of the membranes was identical in order 
to compare the cell performances. The three curves present the typical behavior 
obtained in fuel cells. The first part, at current densities lower than 0.05 A/cm2, the 
drop in potential is usually attributed to the electrode kinetics of catalysis. The fact 
that the results are different for the three membranes is surprising because the 
electrodes are identical. The second part is almost linear and is due to ohmic losses in 
the system and mainly in the membrane electrode assembly. For the PFI membrane, 
the ohmic losses observed are significantly larger than the one usually observed with 
such membranes and can be connected to the fact that the electrodes are not hot 
pressed. The performances obtained for the naphthalenic SPI membrane are very close 
to those obtained with the PFI membrane. This result can be consider as encouraging 
since the electrodes were not optimized for such membrane. The third part of the 
curve is associated with the gas diffusion through the activation layers and was 
expected to be identical for the three membranes since the same electrodes are used. 
For the PFI membrane, a partial dehydration of the PFI membrane at high current 
densities due to electroosmosis can induce a dehydration of the impregnation layer 
which become less permeable to gases while, for the SPI membrane, the swelling of 
the activation layer made of PFI material can remain if the swelling of the PFI layer is 
favored at the expense of the SPI membrane. 
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Lifetime experiments were performed with the phtalic polyimide and PFI 
membranes presenting the same thickness (175 |im) while a 70(im naphthalenic SPI 
membrane was used. The tests were performed at 60°C, at a 3 bar pressure for H2 and 
02 and under a constant current density of 250 mA/cm2. Different stability behaviors 
were observed as illustrated in the figure 2. 

1000 

0  500 1000 1500 2000 2500 3000 

t(h) 

Fig.2 - LONG TIME EXPERIMENTS IN FUEL CELLS CONDITIONS 
P(H2)=P(02)=3 BAR, T=60°C, 1=250 MA7CM2 FOR THE PHTHALIC (DASHED 
LINE) AND NAPHTHALENIC (SOLID LINE) SPI 

The phthalic structure quickly degrade and become brittle in a few days. Generally 
the membrane breaks after 70 hours leading to a local combustion of the membrane. 
On the other hand, naphthalenic polyimides are stable and life time larger than 3000 
hours were obtained. The decrease of the fuel cell performances can be attributed 
either to a incipient degradation of the membrane structure as observed for the 
phthalic structure and which could be kinetically delayed or to a partial dehydration of 
the membrane due to a problem of water management. 

One speculative explanation to account for the degradation of the phthalic SPI 
membrane is the hydrolysis of the imide ring of the sulfonated imide sequence leading 
to chain scissions. Such decrease of the molecular weight could explain the loss of the 
mechanical properties, and consistently the brittleness of the membrane. This 
phenomenon was not observed for naphthalenic SPI membranes confirming that the 
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stability of the naphthalenic polyimides is better than phthalic polyimides, as reported 
by A. Rusanov*. 

The structure and the conduction properties of proton exchange membranes and 
especially PFI membranes have been the object of numerous studies over the last 
decades due to the increasing industrial interest in electrochemical 
applications.[ii,xi,xii] There is no theoretical approach to describe the structure- 
properties relationships in these systems, and consequently to define the best polymer 
for a given application. The ionomer membranes are characterized by a microphase 
separation between the ionic domains and the polymer matrix. The hydrophobic 
polymer matrix sustains the mechanical properties while the presence of percolated 
swollen ionic domains allows an ionic conduction close to one encountered in ionic 
solutions.[xiii] The SPI polymers represent a class of ionomer and allow to vary 
continuously the block character, the ionic content and the flexibility of the polymer 
chain. The study of the effect of the structural modification on the conduction 
properties is now under progress. 

CONCLUSION 

Polymers based on sulfonated polyimides have been studied. These polymers were 
synthesized by a one step method in solution with non expensive commercially 
available monomers. For a structural point of view, these polymers are shown to be 
good candidates as model compounds in order to understand the structure-properties 
relationships in ionomer membranes. The dimension and the distribution of the ionic 
domains can be managed modifying the blockiness nature and the rigidity of the 
polymer chain as indicated by preliminary SANS experiments. 

For an application point of view as proton exchange membrane for fuel cells 
(PEMFC), the naphthalenic SPIs are promising materials for PEMFC according to 
their mechanical and chemical stability in fuel cell experiments. These novel ion- 
exchange membranes could be also interesting materials in lot of electrochemical 
applications. 

This presentation corresponds to an extended abstract of a paper presented at the second 
international symposium on new materials for fuel cell and modern batteries systems ( Montreal, July 6- 
10, 1997). 

I Proceedings of the first international symposium on new materials for fuel cell 
systems, Montreal, Quebec, Canada, July 9-13, (1995) 
II Ionomers : Characterization, theory and Applications, Schlick, S. (Ed), CRC Press, 
Boca Raton, Florida, (1996) 
üi H.P. Dhar, J.Electroanal.Chem, 357 (1993) 237 
1V A.E.Steck; Proceedings of the first international symposium on new materials for 
fuel cell systems, Montreal, Quebec, Canada, July 9-13, (1995) 74 
v R.Nolte; K.Ledjeff; M.Bauer and R.Mulhaupt, J.Power Sources, 83 (1994) 211 
V1 F.Helmer-Metzman; F.Osan; A.Schneller; H.Ritter; K.Ledjeff; R.Nolte and 
R.Thorwirth; European patent; 574 791 (1993) 
vii F. Buchi, B. Gupta, O. Haas, G.G. and Scherer, Electrochimica Ada, 40, (1995) 
345 
viii G.Gebel, P.Aldebert, M.Pineri, Polymer 34 (1993) 333 
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ix S.Faure, PhD thesis, Grenoble (1996) 
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COMPARISON BETWEEN NAPHTHALENIC AND PHTHALIC 
SULFONATED POLYIMIDES: 
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SMALL-ANGLE NEUTRON SCATTERING STUDY : 
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PHTHALIC SULFONATED POLYIMIDE AND PERFLUORINATED 
 IONOMER (NAFION 117): 
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SWELLING BEHAVIOR. 
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NAPHTHALENIC SULFONATED POLYIMIDE 
Proton conductivity and dielectric relaxation properties as a 

function of the state of hydration of the membrane 
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PHTHALIC SULFONATED POLYIMIDE 
Proton conductivity as a function of membrane 

equivalent weight and sulfonated functions distribution 

Conductivity is measured by impedance spectroscopy 
Membranes are equilibrated 24 hours in water at 293K 
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FUEL CELL TESTS J 
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NARATIVE 

HIGH TEMPERATURE POLYMER ELECTROLYTE FUEL CELLS 
R. F. Savinell, J.S. Wainright and M. Litt 

Ernest B. Yeager Center for Electrochemical Sciences 
Case Western Reserve University 

Cleveland, Ohio 44106 

SLIDE 1 

A 5-year DARPA University Research Initiative Grant that ended this past year 
supported this research.   It continues to be a subject of interest at CWRU because of the 
advances made and the attractive features for these types of fuel cells. Before describing 
the CWRU approach, first we will review some of the potential advantages of operating a 
PEM fuel cell at higher temperatures. 

SLIDE 2 

A direct methanol fuel cell is a power delivery device having the advantages of the high 
energy density associated with liquid fuel. Some of the technical challenges facing 
development of this technology are indicated here. Operating at higher temperatures can 
mitigate the first three of these challenges, i.e., slow anode kinetics, catalyst poisoning, 
and methanol crossover. 

SLIDE 3 

A hydrogen fuel cell is the most efficient with highest power density because of the 
reversibility of the hydrogen electrode. Methanol can be reformed to hydrogen at an 
active catalyst surface at temperatures as low as 200 C. By reforming methanol, one can 
achieve the high efficiency of the hydrogen oxidation reaction while maintaining the 
advantages of a liquid fuel storage system. 

SLIDE 4 

A PEM fuel cell operating at higher temperatures can be directly integrated into the 
methanol reformer. The excess heat of the fuel cell can be available to meet the 
endothermic energy requirements of the reformer and to vaporize the fuel and water fed 
to the device. 

SLIDE 5 

First order estimates of the thermodynamic conversions in a reforming reactor and the 
energy balances have been estimated using a process simulation program. At 200 C the 
thermodynamic conversion of methanol with equal molar water/methanol feed is almost 
complete and the CO level is about 2.5 m%. In fact, with a little excess water this level 
of CO drops considerably to levels of about. 1 m%. Of the heat available in the fuel 
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mixture, only about 8% is needed for the reformer and 20% for the fuel, water, and air 
preheating. By directly absorbing this energy within the fuel cell device the excess heat 
in need of dissipation becomes less. Consequently, with the smaller amount of waste 
heat and the higher temperature driving force, smaller heat exchange devices are needed. 

SLIDE 6 

A PBI fuel cell was operated on reformed hydrogen fuel. At 150 C with 1 m% CO the 
excess overpotential of the hydrogen anode is only about 5 mV. The excess overpotential 
becomes much less at higher temperatures. Lower platinum loading, comparable with 
those of PEM fuel cells with high platinum utilization, give excellent performance in the 
presence of CO at the higher temperatures. This means higher performance and lower 
cost. 

SLIDE 7 

The advantages of operating a PEM fuel cell at higher temperatures are summarized here. 
The properties and features of a polymer electrolyte required for fuel cell application are 
given. At CWRU we are pursuing a class of rigid rod polymers known as 
polybenzimidazoles (PBI).   Two types of PBI have been investigated. The first is a 
commercially available material manufactured by Hoechst-Celanese Corporation. As 
will be seen, this material has properties that are very promising for fuel cell applications. 
In this presentation, we will describe the methods of preparation of these polymers, and 
summarize the chemical, mechanical, stability, and electrochemical properties that were 
measured in this research. Performance of the commercial PBI used in fuel cells has 
been reported by us elsewhere and will not be reported here. 

SLIDE 8 

PBI is available commercially from Hoechst-Celanese. As will be shown in the next 
slide, the mechanical properties necessary for good film formation will be enhanced by 
high molecular weight polymer. The polymer normally available has an inherent 
viscosity of about 0.7. The I.V. is a measure of the molecular weight of a polymer. A 
sample purchased from Aldrich had an I.V. considerably lower than that. We received 
material from Hoechst-Celanese with an I.V. of 0.91. This material has a broad 
molecular weight distribution. In order to increase the molecular weight, the lower MW 
fractions are extracted by fractionation in DMAc. The yield of high I.V. material 
decreases as the molecular weight increases. Our understanding is that high molecular 
weight material could be synthesized if the demand for it warrants the expense of process 
modifications. 

SLIDE 9 

PBI absorbs acid. Proton conduction requires oxo-acids. Sulfuric acid was originally 
investigated, but poor film mechanical properties led us to consider phosphoric acid. 
However, further investigation with different I.V. materials and casting methods may 
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warrant another look at this system. The first two phosphoric acids per repeat unit 
protonates the two benzimidazole groups, as shown by NMR. However, additional 
phosphoric acid is needed for good conductivity. The additional phosphoric acid is more 
weakly tied into the PBI structure, but relatively immobile. Still the polymer-acid system 
is single-phase. 

SLIDE 10 

Two methods were investigated for forming films of PBI with phosphoric acid. In the 
first method, the polymer is dissolved in DMAc and 1-2 wt% LiCl is added to maintain 
stability. The film is cast onto a glass plate, the solvent is evaporated, and then the film is 
washed in boiling water to remove the residual LiCl. Doping of the film is accomplished 
by submersion in concentrated phosphoric acid. The molarity of the acid determines the 
final acid loading in the membrane. For example, submersion in 1 IM acid solution gives 
a doping level of about 6 moles of acid per PBI repeat unit (this is called 600 m% doping 
level). 

In the second method, PBI and acid are directly cast together from a co-solvent of TFA. 
The solvent is evaporated and the film is ready for use. The properties of the film formed 
by this process are substantially different than the DMAc method. 

SLIDE 11 

The mechanical properties of DMAc cast films are compared to TFA cast films. Films 
formed by the former method are normally stronger and tougher. The TFA films require 
a polymer of higher I.V. in order to acquire films of reasonable strength. The TFA films 
have much more crystallinity as compared to the DMAc films, and the surface texture is 
quite different. The TFA films are more rubbery and softer. 

SLIDE 12 

Although the mechanical properties of the TFA cast films are not as good as the DMAc 
cast films, the method of casting is simpler and the proton conductivity is greater. The 
proton conductivity of TFA films at dry conditions and temperatures exceeding 180C 
exceed that of Nafion (under Nafion's optimum operating conditions of 100% RH). 

SLIDE 13 

Several techniques have been used to measure the methanol permeability across PBI 
films. These techniques include close-volume membrane diffusion cells, limiting current 
methods, and mass spectroscopy methods. All techniques gave the same result. The 
crossover equivalent current (50 m% of methanol in feed at 1 atm pressure) for DMAc 
cast film is about 5-10 mA/cm2, which is a factor of 10-20 times less than that reported 
for Nafion 117. For TFA cast films, the crossover is larger by a factor of 3, but still 
considerably less than Nafion 117. Of course, the low crossover is not unexpected 
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considering that the methanol activity is low in the gas phase at high temperatures and 
that PBI is a homogeneous phase system. 

SLIDE 14 

ABPBI is the second polymer in this class of polymers investigated at CWRU. The 
polymer is simple to synthesize by a condensation reaction. The presence of 
polyphosphoric acid scavenges the water production and helps to form high molecular 
weight material. Although the DABA starting material is available commercially, 
purification is critical for high molecular weight polymer. To date the highest I.V. we 
made was 4.27 and the preferred operating conditions are given here. Reports in the 
literature indicate that much higher molecular weights are achievable (I.V. up to 12-25). 

SLIDE 15 

Doping of acid into ABPBI is accomplished by submersion into phosphoric acid solution. 
By drying the film at 140 C before submersion, a higher doping level can be achieved. 
Annealing the film at temperatures of 150 C improves film strength to levels about that of 
PBI/TFA films. We expect better film properties with higher molecular weight material. 
A remarkable property of this material is the amount of strain before break. Some films 
have been stretched by a factor of 10 before breaking. Pre-stretched films are also 
stronger because of alignment of the molecular chains. This polymer is more conductive 
with lower amounts of acid as compared to PBI. 

SLIDE 16 

Oriented films of ABPBI were found to give greater strength. The films were first cast, 
doped, then stretched. The acid was remove before testing. These films had moduli that 
were 15 to 25 times greater than the un-doped and un-stretched films. The theoretical 
strength is about 300 Gpa so further improvement in strength can be expected. 

SLIDE 17 

The conductivity of ABPBI is greater than that of the PBI/DMAc and nearly equivalent 
to that of PBI/TFA. To compare acid loadings, a value of 1.3 Acid/Repeat in ABPBI is 
equivalent to 2.6 Acid/Repeat in PBI.   ABPBI is an attractive polymer for fuel cell 
applications considering its high conductivity, its good mechanical properties for film 
formation, and its ease and control of synthesis. 

SLIDE 18 

We have only begun to develop the PBI-type polymers for fuel cell applications. Further 
work is needed to understand the conduction mechanism and to optimize the properties 
for film formation and electrode attachment. These polymers may also find other 
applications. Some examples include microfuel cells, sensors, electrochemical reactors 
for destruction of toxic volatile organic compounds. 
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High Temperature Functional Fluoropolymers 

Darryl D. DesMarteau, Department of Chemistry, Clemson University, 
Hunter Hall, Box 341905, Clemson, SC 29634-1905 

The fact that fuel cells are of increasing interest as electrochemical power sources is 

exemplified by reports in the popular press such as a recent announcement by Chrysler (1).* 

Worldwide research and development is intense and the prospect that mass produced PEM fuel 

cell power plants (2) will be used for electric and hybrid vehicular power early in the next 

century is very high. Nevertheless these prospects would be enhanced considerably if improved 

PEMs capable of operating at higher temperatures could be found. In this regard there are a 

number of issues that affect the development of new membrane materials (3). 

Most of the development of PEM fuel cells is based on sulfonic acid ionomers. For 

overall performance and lifetime, the preferred ionomers are perfluorinated copolymers of TFE 

and functional vinyl ether monomers. If the limitations of perfluorinated ionomers of this type 

are to be overcome, new materials with alternative functional groups to the sulfonic acids must be 

considered. 

Some possible solutions involving alternative acid functions are illustrated in (4). At 

Clemson University over the last 10 years we have carried out research on the preparation of 

new polymer materials containing the sulfonimide and sulfone acid functions. More recently 

under DOE/EPSCoR sponsorship, this program has been expanded to include a number of critical 

collaborations needed to make meaningful progress (5). A number of novel polymer materials 

under development are illustrated in (6). Some of the basis for selecting these materials is shown 

in (7). For this presentation, the focus will be on sulfonimide ionomers for which the largest 

effort and greatest progress has been made. To introduce these novel materials and to raise their 

specter as possible improved PEMs for fuel cells, an overview will be presented (8). 

*Bold numbers in parenthesis refer to numbered copies of transparencies in the Appendix. 
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The background to these novel ionomers dates back to the mid-seventies. We were 

looking for novel ligands to bond to xenon and to create new examples of xenon-element bonds. 

With the successful isolation of the first xenon-nitrogen compound FXeN(S02F)2 in 1974, other 

nitrogen ligands were actively sought after. Ultimately we were led to the synthesis of the new 

sulfonimide (CF3S02)2NH. This parent member of this class of compounds led us to an 

appreciation of the remarkable properties of this class of materials. This compound led to a 

second example of Xe-N bonds in Xe[N(S02CF3)2]2, but more importantly we came to recognize 

its remarkable Bronsted acidity and related charge delocalization in covalent derivatives and the 

anion. While definitive solution acidities of this and other sulfonimides have not been 

determined, the gas phase acidities are the highest known (9). Even in neutral covalent 

compounds the delocalization of electron density in sulfonimides is clear as shown by the planar 

nitrogen in N-(4-methylphenyl)bis((trifluoromethyl)sulfonyl)imide (10). The sulfonimide anion 

is a multidentate ligand with metals giving rise to novel lamellar structures is illustrated for Cs salt 

of the difunctional acid CF3S02N(H)S02(CF2)4S02N(H)S02CF3 (11). 

The real interest in this class of materials for electrochemical applications arose in part 

from work on molecular acids for use as aqueous electrolytes in phos-acid fuel cells under an 

alternative electrolyte program organized by the Gas Research Institute. Early test results with 

75% (CF3S02)2NH/H20 showed outstanding performance in a typical phos-acid test fuel cell 

(12). This was confirmed by basic electrochemical studies which showed that sulfonimides had 

outstanding electrochemical properties. The GRI program led to many new sulfonimides and 

isoelectronic sulfones and the important discovery that such compounds had a remarkable effect 

as an additive to 85% phosphoric acid electrolyte in a phos-acid fuel cell (13). This discovery led 

to the desire to capture this enhanced fuel cell performance over long-term operation by 

incorporating these acid functions into fluoropolymers. Thus we began a program in 1989 to 

make fluorinated ionomers containing the sulfonimide and sulfone functions. 

The preparation of polymers of course requires polymerizable monomers and we set out 

to develop a vinyl ether monomer containing the sulfonimide function (14). This was not an easy 
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task but it was ultimately reduced to practice. The major question was whether a water soluble 

monomer such as 1 (in 14) would copolymerize with TFE. There was essentially no precedent 

for this in the literature. Fortunately 1 could be easily copolymerized with TFE by aqueous 

emulsion polymerization techniques using persulfate/bisulfite redox initiation (15). Similarly, we 

developed other novel monomers such as 2 (in 16), which also underwent facile 

copolymerizations with TFE. From 2 one can appreciate the versatility of the sulfonimide 

function in enabling a fascinating variation of side chain structure in perfluorinated ionomers. 

The copolymers of monomer 1 (polymer A) are well characterized as illustrated by its 

readily assignable 19F NMR as shown in (17). The thermal stability of these polymers is 

outstanding as shown by TGA (18). For comparison a sample of Nafion® 117 is displayed, 

where one sees decomposition beginning at ca. 150°, compared to ca. 400°C for the sulfonimide. 

This is arguably the highest thermal stability for any known ionomer. The TGA of the 

sulfonimide polymer A in membrane form under various treatments is compared with the bulk 

polymer in (19). The degree of control in producing a completely random copolymer is 

illustrated by DSC (20) and TGA (21). In this case 94% of the polymer dissolved. The fraction 

that did not dissolve clearly contains some functionality but is rich in TFE. Our opinion is that 

the overall properties of the polymers would be improved if the polymerization can be more 

carefully controlled to eliminate the blocks of TFE. 

The proton conductivity of polymer A is illustrated in (22). In general for comparable 

equivalent weights, the conductivity of A is higher than Nafion®. At elevated temperature 

according to our measurements under identical conditions polymer A clearly maintains a higher 

conductivity with increasing temperature at a fixed water pressure (23). The measurement of the 

conductivity of polymer A and other copolymers at higher temperatures is under active 

investigation. 

The effect of the TFE blockiness on the properties of polymer A is illustrated in (24). A 

polymer membrane prepared from solutions of A clearly exhibits a higher conductivity with the 
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TFE-rich fraction removed. Although it is certainly true the dissolved polymer will have a 

somewhat lower equivalent weight and that this fact may increase the conductivity, we speculate 

that the effect is more complex than this. In morphologically complex materials such as these 

fluorinated ionomers, there are clearly many factors to consider in accessing the material 

performance. 

Some insight into the microstructure of these ionomers has been obtained by time 

resolved fluorescence spectroscopy with various fluorescent probes. Ethidium bromide (25) is a 

sensitive probe for polarity and is a measure of the local environment of water in polymers. 

Comparisons of Nafion®, Dow PFSA and polymer A with comparable equivalent weights are 

illustrated in (26). In general the three types of ionomers are quite comparable with two 

distinctive regions in the ion clusters, different from bulk water as summarized in (27). 

Conclusions 

Sulfonimide polymers appear to be promising candidates for PEMs in fuel cells. Much 

more research will be required to determine if these polymer materials can solve some of the 

problems associated with existing PFSA ionomers. We are optimistic that this will be the case 

and we are hopeful that funding of our research on these novel materials will continue. 
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Some Issues 

• Is there a perfluorinated ionomer capable of 
operating above 150°C in a PEM fuel cell? 

• Sulfonic acid based ionomers begin to undergo 
thermal decomposition at ~150°C. 

• Proton conductivity of sulfonic acid ionomers 
decreases rapidly above 100°C without 
pressurization to maintain hydration. 

• Polymer structure for a given acid function, 
strongly influences polymer performance. 

e.g. -<CF2CF2)n(CF2CF» -vs- -(CF2CF2)n(CF2CF)- 

OCF2CF2SO,H OCF2CFOCF2CFaSCVH 

CFS 

• Lower equivalent weights improve performance 
but lead to poor mechanical properties. 
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Some Possible Solutions 

H 
•New       acid       functions:        M-S02NS02Rf; 

M-S02NS02(CF2)xS02NRf; M-PO(OH)2; 

M-S02CH2S02Rf; other (?). 

• Crosslinking to improve mechanical properties 
at low equivalent weights. 

• Composite materials, e.g. silica filled ionomers. 

H 
• Hybrid materials: M-S02NS02(CF2)xPO(OH)2; 

TJ 

M-S02NR2H+P04H2";        M-S02N-<Q>-H3P04; 
H 

M-S02^<N]Q] . H3P04 

H 

M=polymerizable fluorocarbon function such as 
CF^CF ,   CF2=CF ,etc. 

" OCF2CF9 OCF2CFOCF2CF2 

CF3 
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Clemson University Research in 
Fluorinated Ionomers 

Program 

• Polymer synthesis, characterization and membrane 
fabrication - D. DesMarteau & C. Martin 

• Electrochemical evaluation - S. Creager 

• Structural characterization 

X-Ray, WAXS, SAXS, SANS - W. T. Pennington 

Time-resolved and steady-state fluorescence 
spectroscopy - Y.-P. Sun 

Goals 

• Improved PEMs for fuel cells and other applications 

• Improved understanding of structure and structure- 
property-function in fluorinated ionomers 
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Polymers Under Development 

Copolymers oftetrafluoroethylene and the novel monomers: 

CF2=9F M iyi 
0- (CF2<pFO) CF2CF2S02[NS02(CF2)yS02]zNS02Rf 

CF3
X 

x=0,l; y=2,4,6,8, other; z=0,l,2 
M=alkali metal, other 

CF2=jCF M 
O- [CF2CFO]xCF2CF2S02CRS02CF3 

CF3 

R=H,akyL,other 

2" I"" I 
CFo=CF M 

tCF 
CF 

0-[CF2CFO]xCF2CF2S02C(S02CF3)2 

3 

CF2=CF 
O- [CF2CFO]xCF2CF2P(0)F2 

CF3 
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Some Relevant Information 

• Phosphonic acid polymers 
iCF2CF2)n(CF2CF3- 

0-(CF2)3PO(OH)2 

demonstrated by Burton (J. Fluorine Chem. 82 (1997) 
13) showed promising properties and thermal stability 
up to 280°C. We have been working on methods to 
prepare better monomers for this polymer class. 

• At Clemson we have developed methodology to 
prepare a variety of sulfonimide monomers and 
promising copolymers which are thermally stable to 
near 400°C in acid form and >450°C in salt form. 

• At Clemson we have developed methodology to 
prepare a variety of sulfone monomers and copolymers 
with thermal stability exceeding 300°C in acid form. 

• At Clemson we have demonstrated the viability of 
pseudo anion exchange hybrid polymers with model 
compounds. 

At Clemson we have also discovered that optimizing 
morphologically complex materials like ionomers is a 
very difficult task. 
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8 

A Brief Overview of Sulfonimide Ionomers 

• Background 

• Synthesis of monomers 

• Copolymerizations with TFE 

• Polymer Properties 

• Membrane Properties 
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AGacid Values (k cal/mol) Derived from 
Gas Phase Proton-Transfer Equilibria 

Acid AGacid 
CF3C02H 316.6 
CH3S03H 315.0 
(CF3CO)2NH 307.5 
HI 309.2 
(CF3S02)2CH2 301.5 
FSO3H 299.8 
CF3SO3H 299.5 
CF3CONHSO2C4F9 296.9 
C3F7CONHSO2C4F9 294.3 
(CF3S02)2NH 291.8 
CF3SO2NHSO2C3F7 290.3 
(C2F5S02)2NH 289.4 
(CF3S02)3CH 289.0 
CF3SO2NHSO2C6F13 286.5 
(C4F9S02)2NH 284.1 

(curent record holder) 
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12 

HALF CELL PERFORMANCE 
(CF3S02)2NH & H3P04 

ON AIR 

SULFONIMIO 

"1 ;'      i    i   i i i i 11 1 1—i   i i i ii 

10 10a 

CURRENT DCMSTTY (mA/«q-om) 

Figure 4 

Courtesy: D. Maricle, International Fad Cefe 
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14 

Synthesis of a Sulfonimide Monomer 1 | 

CF2=CF2 + S03 ► CF2— CFo  CaF'DG 

"    *        '   2     HFPO 

0 — so, 

FS02CF2CF2OCFCF20(pFC(0)F   '^ffi» FS02CF2CF2OCFCF2OCF=CF2 

CF3       CF3 OF, '3 

Br2 
• FS02CF2CF2OCFCF2OCFBrCF2Br  CF30^(Na)SiMe, ^ 

I CH3CN 
CF3 

Na 
CF3S02NS02CF2CF2OCFCF2OCFBrCF2Br —^ 

CF, 
2      CH3CN 

Na 
CF3S02NS02CF2CF2OCFCF2OCF=CF2 1 

CF3 
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15 
A Typical Small Scale CopcJymerization 

(450mL magnetically stirred Parr 316 ss autoclave) 

Trial 1 2 
Monomer in the autoclave (g) 2.00 2.00 

C7F15COONH4 (g) 2.00 2.00 

Na2HP04 • 7H20 (g) 2.80 2.80 

NaH2P04 (g) 1.40 1.40 

(NH4)2S208 (g) 0.30 0.30 

NaHS03 (g) 0.27 0.27 

H20 (mL) 260 260 

Pressure of TFE (psi) 150-5 150-5 

Stirring speed (rpm) 650 650 

Temperature (°C) 10±1 10±1 

Reaction time (hour) 6.0 6.0 

Total TFE drop (psi) 24 24 

Average TFE drop rate (psi/hour) 4.0 4.0 

Monomer addition rate through 
the metering pump (g/hour) 

0.30* 0.30** 

Added monomer (g) 1.8 1.8 

Estimated monomer consumer (g) 1.6 1.8 

Copolymer (g) 3.30 3.67 

IEC (meq H/g) 0.81 0.83 

EW 1235 1205 

*The added monomer was not buffered with Na2HPO/NaH2P04. 
**The added monomer was buffered with Na2HP04/NaH2P04. 
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16 

Synthesis of a Difunctional Sulfonimide 
Monomer 2 

xsFS^CFa^OjF + CF3S02N(Na)SiMa,   CHtftI *> CF3S02N(Na)SQ,(CF2)xS02F 
80 C 

xaNth^ NaOH ^       HMDS Na 
►    ^     tuviua»   CF3SO2NS02(CF2)xSO2N(Na)SiMaJ      M 

M   + FS02CF2CF2OCF3CF2OCFBrCFoBr    Cg^CW >   5°—^ 
| 80°C CHgCN 
CF3 
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Conductivity vs. humidity 
at room temperature 

22 
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Conductivity vs. temperature 
at fixed water partial pressure (150 torr) 
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Conductivity vs. humidity for fractionated 
and non-fractionated ionomers 
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Ethidium 

ear ••" ••*'.•»* 
^TABLE11: Comparison of the Ethidium Bromide Fluorescence 
^Lifetimes,>r, and Intensity Ratios in Various Media Relative to 
kH20.a, 

Medium Tf/rfOfrO)        7r//r(H20) 
MC2SO 
P20 
Ethanol 
Acetone 
10-4MDNA/H2O 
10~5MtRNA/H2O 
10-*MDNA/D2O 

2.8 2.7 
3.5 3.1 
3.8 4.3 
5.1 5.0 

12.5 11.2 
13.7 13.7» 
20.8 20.0 

•;      a Estimated uncertainties, ±10%. * Corrected for contribution *» 
• to free ethidium bromide. 

25 

Olmsted, J., HI; Kearns, D. R. Biochemistry, 1997, 16, 3647. 
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Luminescence Spectroscopic Probing of Microstructures and 

Properties of Perfluorinated Polyelectrolyte Membranes 

Probe: Ethidium Bromide, Fluorescence Lifetimes 

Fluorescence Lifetimes of Ethidium Cation in Ionomer Membranes 

Membrane Lifetime-1 (ns) Lifetime i-2 (ns) 

Nafion 3.2 12 

Dow 2.6 12.5 

Sulfonimide 4.6 13.5 

Bulk Water 1.7 

DNA Solution 22 

Conclusion 

The presence of two distinctive regions in the membranes and both 
regions are significantly different from the bulk water phase. 
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Conclusions: 

Nafion, Dow Chemical, and the sulfonimide 
membranes all yield similar spectroscopic results. 

Observed polarities within the ion cluster structures 
are intermediate between water and hydrocarbon 
solvents. ^ 

Ethidium bromide indicates two distinct 
environments, one that is water-like and one that is 
much less accessible to water. 
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On the Development of Higher Temperature Proton-Exchange 
Membranes for Fuel Cells 

Sanjiv Malhotra*, Tony Thampan# and Ravindra Datta* 

Department of Chemical and Biochemical Engineering, 
The University of Iowa, Iowa City, IA 52242, and 

*H Power Corp., 60 Montgomery Street, Belleville NJ 07109 
#Current address: Department of Chemical Engineering 

Worcester Polytechnic Institute, Worcester MA 01609 - 2280. 

ABSTRACT 

There is a significant incentive for developing proton-exchange membrane for 
o 

atmospheric fuel cells that can operate at temperatures higher than 120 C and at low 
relative humidities. Higher temperature membranes can not only help to overcome the 
debilitating effects of CO poisoning of anode, but can also allow direct use of low- 
temperature reformable fuels such as methanol. The conventional perfluorosulfonic acid 
proton-exchange membranes have two limitations in this regard: 1) they require liquid 

o 

water in their pores, and 2) their thermal stability is limited to less than 150 C. A solution 
to the first problem is to load the membranes with dopants of low volatility. The solution 
to the second problem requires the development of alternate ionomeric membranes with 
higher temperature stability. 

INTRODUCTION 

The current proton-exchange membranes (PEMs), in particular the perfluorosulfonic acid 
membranes such as Nafion", are limited to an operating temperature of around 80 C for 
atmospheric fuel cells. This is because the conventional PEMs require water in their 
pores for proton conduction. Protons from the tethered sulfonic acid groups on the pore 
surface become detached and consequently mobile as a result of water hydration. These 
hydronium ions are responsible for proton conduction via ordinary diffusion and/or 
Grotthus chain hopping. The efficacy of this transport depends upon the amount of water 
present in their pores. At higher temperatures in fuel cells operating at atmospheric 
pressure, the relative humidity within the fuel cell can not be maintained at a level for 
adequate membrane hydration, causing a loss in membrane performance. This is 
illustrated in Figure 1, which shows the data of Malhotra and Datta (1997) on the effect of 
raising the fuel cell temperature from 80 C to 110C while maintaining the humidifier 
temperature at 95°C. There is a precipitous drop in the fuel cell performance as a result of 
low proton conductivity due to a lack of membrane hydration . 

Higher fuel cell temperatures are desirable since at the usual operating 
temperature of 80°C, even 10 ppm CO in the anode feed can significantly poison the 
platinum electrocatalyst commonly used at the anode. CO deactivates the catalyst by 

438 



preferentially occupying catalytic sites, thus making these sites unavailable for Hi 
adsorption and the subsequent anode reaction. The dramatic influence of CO poisoning 
on the fuel cell performance is illustrated in Figure 2, which plots the data of Oetjen et al. 
(1996) for different CO levels in the H2 feed. However, the chemisorption of CO is 
exothermic and decreases considerably at higher temperature. Further, CO may be 
removed at higher temperatures by reacting with water via water-gas shift reaction 
(WGSR). There is, thus, an incentive for the development of PEMs that can operate 

o 

efficiently at temperatures at or above 120 C and at atmospheric pressure, i.e. under low 
relative humidities. Furthermore, this may eventually allow direct methanol or 
dimelthylether fuel cells based on insitu reforming. Although fuel cells with these fuels 
can be operated even at 80C, the CO produced from their reforming occupies catalyst 
sites and can be further converted to Hi and C02 via WGSR only at higher temperatures. 
It is shown here that PEMs such as Nafion   can be doped with low volatility dopants to 
provide adequate conductivity at higher temperatures and low relative humidities. 

THEORY 

Various structural models have been proposed for the describing the unique 
properties of the various PEMs. In the case of Nafion®, the incompatibility of the 
hydrophobic fluorocarbon component and the ionic component lead to microphase 
separation and a micellular structure. A Cluster - Network model proposes that ionic 
clusters interconnect through short narrow channels and provide a network for proton 
conduction that is dispersed throughout the fluorocarbon matrix. The conduction is 
related to water adsorbance through the clusters. Although the fluorocarbon phase is 
hydrophobic, the presence of the highly hydrophilic sulphonic group agglomerates causes 
the cluster to adsorb water. The cluster diameter and the number of exchange sites 
increase with the amount of water adsorbed. 

Divisek et al. (1998) have recently studied the pore structure of the PEM. In the 
case of Nafion®, their results suggest a membrane that contains surface layers whose 
structure and hydrophobic/ hydrophilic properties are substantially different from the 
basic inner membrane. From standard porosity measurements, inner layer has pores 
ranging from 1 to 100 nm and the average pore radius is 2 nm. They propose a network 
of ultramicropores that are interconnected when the membrane is saturated with water. It 
is thought that high proton diffusion through the pores filled with water is responsible for 
high conductivities. 

The following theoretical model is developed to investigate the effect of a generic 
dopant and the relative humidity on the conduction of protons through the membrane. 
The first step involved is the transfer of protons from the pendant side chains (HA) to the 
dopant, denoted as BH. For instance, in the case of water, B = OH. Conceptually, the 
proton transfer process is assumed to occur in two steps: 

/') Deprotonation of the Brönsted acid group, HA : 

HA«H'+A 
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for which the dissociation constant is 

A„. —  L/M (1) 
lHA 

ii) Protonation of the dopant BH, which acts as Brönsted base: 

H' +BH« BHf 

for which the dissociation constant is 

K
BH; = 

a,raBH (2) 
a 

BH* 

Combining Eqs. land 2, the concentration of protons, c     , can be expressed as 

10""" 
BH; K BH (3) 

BH; 

where H0 represents the Hammett acidity function, which is another measure for the 
ability of an acid to protonate a base. Values of the Hammett acidity function for various 
substances are available in the literature. For instance, for Nafion®//o = -12. H0 is 
defined as follows: 

//n=-log/z„ (4) 

where 

K  - KIIA 

( c c \ 
Y HII YllA 

rc YC 
'«in1 A  j 

■HA (5) 

with y'i representing the activity coefficient of species /. 

Equation (3) is, thus, a thermodynamic relationship that provides the 
concentration of proton carrier, c     , within the porous network in terms of the dopant 

concentration CBH- The specific conductivity of the PEM for multiple charge carriers in a 
porous membrane of a given porosity fand tortuosity T is 

(£Fi\n 

G = lLai= -~Zf Zz.-toV. x RT 
(6) 
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where T is the temperature, Zi is the charge number of the ionic species /, D, is the 
diffusion coefficient of i, accounting for Grotthus chain hopping as well as ordinary 
diffusion of the ion, F is the Faradays constant, and c, is the concentration of the charge 
carrying species /. 

Assuming that BHi+ is the sole charge carrier in the PEM (r      = 1), 

".».- = T RT f   B»*rBH; (7) 

Finally, using Eq. (3) in (7) for C     , Eq. (8) is obtained: 
BH; 

aBH; = 

£ F_ 
x RT 

(8) 

For the usual case when the dopant, or Brönsted base, solvating the protons is 
water, i.e.,BH HOH , the conductivity becomes 

feF^ 
11,0' x RT 

10-"- )n       \ 

n,o- ) 
(9) 

According to Eq. (9), the conductivity of the PEM is proportional to the clU)or 

X defined as the number of water molecules per sulfonic acid site, i.e. A = /VH:OAVSO>H- 

This appears to be the case according to the data of Zawodzinski et al. (1997) plotted in 
Figure 3. However this linear dependence is approximate and not likely to hold for small 
X, when the membrane structure e and tortuosity x , is dependent upon the level of 
hydration due to swelling. 

PEM HYDRATION 

While the results above describe PEM conductivity in terms of cIU0 or A, it is 

more convenient to relate conductivity directly to the relative humidity, i.e. the ratio of 
partial pressure to the vapor pressure of HiO. This is done here by utilizing the «-layer 
BET equation (Adamson , 1997 ed. 6) 

X = - 
c — \l-(n + l)a" +na{l,+u) 

1 + {c- l)a — ca u+i> (10) 

where a is the water vapor activity or the relative humidity, Xm is the number of moles of 

water adsorbed per cation site that results in a monolayer. The temperature dependent 
constant, c, is the ratio of the enthalpies of adsorption of the first and higher layers, and n 
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is the number of adsorbed layers on the surface. Fitting this equation to the experimental 
data of Zawodzinski et. al. (1993) in Figure 4, these parameters for Nafion® are 
determined to be: 

c = 250, A„,= 1.7, and n= 17. 

These parameters are infact physically reasonable. For example, the total height of 
the adsorbed layers is calculated at 4.7 nm, with 0.28 nm being the diameter of a water 
molecule, which is on the same order as the pore diameter of Nafion®. Combining the 
Figures 3 and 4, or the corresponding equations (9) and (10), conductivity can be 
predicted directly as a function of relative humidity. 

HIGHER TEMPERATURE PEMs 

A possible procedure for increasing the operating temperature of the PEM at low 
relative humidity is to replace water with an alternate dopant with a lower volatility for 
solvating the protons. Savinell et al. (1994) utilized BH = H,P04 with Nafion'"'. They 
were thus able to develop a PEM with high conductivity at elevated temperature. In 
addition to hydronium ions as charge carriers, H,PO/ is also proton carrier. However 
tBH. may decline due to the presence of dopant anions B = H,P04 which also contribute 

to current. Furthermore H3PO4 has finite volatility at elevated temperatures. 

Malhotra and Datta (1997) utilized phosphotungstic acid doped Nafion® to 
dramatically enhance PEM performance at 110 C at low relative humidities (humidifier 
temperature at 50 C.) as shown in Figure 5. This is promising since heteropolytacids are 
nonvolatile. However since heteropolyacids are highly soluble in water, excess water in 
the PEM will leach the acid out of the membrane. In other words, the relative humidity 
of a heteropolyacid doped PEM should be low for stability. Finally, Figure 6 shows that 
the deleterious effect of CO can be reduced by operating at higher temperature. 

Although the discussion here has been limited to enhancing the conductivity of 
PEMs at higher temperature and using dopants as alternate proton carriers to lower the 
relative humidity, Eq. (8) suggests an alternative strategy for enhancing conductivity. If 
the Hammett acidity function can be increased beyond -12 either by increasing c/M or by 
redesigning polymer linkages ( e.g., Kotov et al. 1997), it could have a dramatic influence 
on the conductivity at low dopant concentrations or low relative humidity. 
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♦ 

Objectives 

♦ Current proton-exchange membrane 
(PEM) fuel cells are limited to ~ 80 °C 
to avoid drying of perfluorosulfonic 
acid (Nafion®) membrane. 

♦ At 80 °C, even 10 ppm CO can poison 
the anode electrocatalyst. 

♦ ." Objective is to develop PEM that 
work at •   120 °C (to reduce CO 
poisoning) and at low relative humidity. 

♦ At temperatures > 150 °C, low 
reforming fuels, e.g., methanol, 
dimethylether, may be used in fuel cell. 
However, Nafion® is thermally unstable 
in this range. 

Issues involved in the development of 
higher temperature PEMs are discussed. 
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Effect of Temperature 
(Malhotra, S. and Datta, R., J. Electrochem. Soc, 144, L23, 
1997.) 
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Figure 1: Fuel cell performance based on commercial 
(20% Pt-on-C, 0.35 mg Pt/cm:) gas-diffusion electrodes 
(E-TEK), anode humidifier at 95 °C and cathode 
humidifier at 90 °C. 

446 



Effect of CO in Anode Feed 
(Oetjen et al., J. Electrochem. Soc, 143. 3838, 1996.) 
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Figure 2: Steady-state voltage-current density plots for a 
PEM fuel cell with H2/CO (25 to 250 ppm); anode and 
cathode: 30 w% Pt on Vulcan XC 72, Tcell = 80 °C; 
pH, = 0.22 MPc; p(), = 0.24 MPc. (Data of Oetjen et al., 

J. Electrochem. Soc. 143, 3838, 1996.) 
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Theory 
AH = Sulfonic Acid; BH = Dopai® = H+ 

(A) i) (k <k 
©® 

Go 
©® 

®  ®  ®  ®  ® 

■u 
Proton Transfer to Dopant: 

HA  <=>   A" +H + ■.Km.sa. (1) 

H+ + BH «   BH;     ; KBHi = -^L    (2) 

QH (3) c'nH*, "~ From Eq. (2): 

Hammett Acidity Function 

icrH° 

V   KßH2   J 
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In Eq. (3) 

H0 = -\o&i    ; where   l\ = 
f   c   ^ 

Y\ BH 

v ^BH; I 

Using Eq. (1): h0 = K: HA 

f     C      C   ^ 
XHAXBH 
yC   yC 
I BHJ' A'   j CA- 

q, (4) 

(5) 

PEM Specific Conductivity 

(eF2\ 

I#}q 

The proton conductivity (based on carrier BHi"1"): 

am = 
£ F2 

[vRTJ 

Using Eq. (3) in (7) for cBH. 

\~BHi ftHi 

CTBH; = 
'^Yio-^ 

r/?r is \PBHJ ,TBH 

(6) 

(7) 

(8) 
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.® Nafion Conductivity with H2Q 
For BH s HOH, from Eq. (8), and hydronium ions as the 
lone charge carriers 

(9) 

D „, includes Grotthus and ordinary diffusion. 
H,Cf J 
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Figure 3: Nafion* 117 conductivity a vs. water content 
A (Data of Zawodzinski et al., J. Electrochem. Soc, 140, 
1041, 1997). 
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.® Nafion   Hydration 

«-Laver BET Model: (A= /Vn^/A/„^,;  a= q,. O' Rl£> ) 

A (ctfO-^O-Cn+lXf + nd*1) 
(10) 
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Figure 4: Equilibrium sorption of water in Nafion 117 as 
a function of water vapor activity (Data of Zawodzinski 
etal.,7. Electrochem. Soc, 140. 1041. 1993). 
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Goals for the Development of 
Higher Temperature PEMs 

1. Increasing PEM water retention at low relative 
humidities (e.g., by incorporating an oxide in PEM as 
done by Watanbe et al., J. Electrochem. Soc, 143, 
3847, 1996). 

2. Doping with low volatility acids BH to increase CBH 

of alternate charge carriers (e.g., Nafion impregnated 
with H3PO4 used by Savinell et al., /. Electrochem. 
Soc, 141, L46, 1994). However, tH. may decline due 

to the presence of dopant anions B~ resulting from 
auto-dissociation 

3. 

BH  a   B"   +  H+     ; KBH  - 

Increasing -Ho of PEM by increasing acid 
concentration CHA, polymer/lnkages redesign, or by 
doping with appropriate materials. 

4. Increasing thermal stability of PEM (e.g., perfluoro- 
phosphonic acid membranes developed by Kotov et 
al.,/. Fluorine Chem., 82, 13, 1997). 
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Effect of Phosphotungstic Acid 
® (PTA) Doping of Nafion 

(Malhotra, S. and Datta, R., J. Electrochem. Soc, 144, L23, 
1997.) 
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Figure 5: A comparison of unimpregnated Nafion® 117 
and Nafion® impregnated with acetic acid solution of 12- 
phosphotungstic acid. ^humidifiers = 50 °C for the 
impregnated Nafion® case. 
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Effect of CO at 120 °C with a 
PTA Doped Nafion ® 
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Figure 6: A Comparison of Performance for H2 Feed with 
and without 100 ppm CO and Nafion® 117 Impregnated 
with 12-Phosphotungstic Acid (PTA) at 120 °C and 55- 
60 psi. 
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Improving Thermal Stability of PEM 

Perfluorosulfonic Acid (Tg ~ 110 °C): 
(Grot, W., Encyclop. ofPolym. Sei. and Eng., Vol. 16, 642. 1989.) 

-[(CF2-CF2)m-CF-CF2)n- 

O 
I 

CF^CF, 

(PTFE backbone) 

O- 

F     F    p 

C —C—S—O-H 
I       "     II 
F     F    O 

Perfluorophosphonic Acid (Better thermal stability): 
(Kotov. S. V., Pedercsen. S. D.. Qui, W.. Qui. Z.-M.. and Burton. D. 
J.,7. Fluorine Chem.. 82. 13. 1997) 

-[(CF2-CF2)m-CF-CF2)n- 
F     F     F    P 
I       I       I     II 

O C —C—C—P—O—H 
1       •       I     i. F      F      F    O 

(PTFE backbone) 

H 
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Title: Sulfonated Polyphosphazenes: A New Class of PEM Materials 

Presenter:       Peter N. Pintauro, Department of Chemical Engineering, Tulane University, New 
Orleans, LA 70118 

Abstract 

Cation-exchange membranes have been fabricated from selected phosphazene polymers by first 
sulfonating the base polymer with S03 and then solution-casting thin films. Polymer crosslinking was 
carried out by dissolving benzophenone photo-initiator in the membrane casting solution and then 
exposing dried films to UV light. One polyphosphazene, poly[bis(3- methylphenoxy)phosphazene], 
looks particularly promising for possible PEM fuel cell applications. A sulfonated and crosslinked 
membrane from this polymer, with an ion-exchange capacity of 1.4 mmol/g (an equivalent weight of 
714), swelled less than Nafion 117 in both water and methanol and its proton conductivity (for a fully 
hydrated 200 urn thick film at temperatures between 25°C - 65°C) was approximately 70% ofthat 
for Nafion 117. Additionally, water and methanol diffusivities in the polyphosphazene membrane were 
low (< 10"7 cnf/s). The sulfonated phosphazene polymer was found to be thermally stable up to 
350°C. Sulfonated/crosslinked membranes showed no signs of mechanical failure (softening) up to 
170°C and did not degrade in the presence of hydrogen peroxide. 

Introduction 
Over the past decade, studies of proton exchange membranes for polymer electrolyte fuel cells 

have focused, for the most part, on perfluorosulfonic acid membranes such as DuPont's Nafion® and 
Dow's Developmental Membrane, because they exhibited high ionic conductivity, good mechanical 
strength and chemical stability, and reasonably low water swelling. The high electro-osmotic water 
flows and methanol crossover rates in these materials, coupled with their high cost, have stimulated 
research into alternative polymers for proton exchange membranes, including those composed of 
polybenzimidazole,polystyrene-divinylbenzene mixtures radiation-grafted to poly(fluoroethylene-co- 
hexafluoropropylene), Nafion impregnated microporous PTFE (the Gore-Select™ membranes), and 
sulfonated Kraton. 

Polyphosphazene-based cation exchange membranes are attractive materials for PEM H2/02 

and direct methanol fuel cells because of their reported chemical and thermal stability1 and due to the 
ease of chemically attaching various side chains onto the -P=N- polymer backbone. Although 
polyphosphazenes have been explored for use as solvent-free solid polymer electrolytes in lithium 
batteries, no one has examined this class of polymers for proton exchange membrane fuel cells. 

Prior studies by Pintauro and co-workers have shown that poly[(3-methylphenoxy) 
(phenoxy)phosphazene] and poly[bis(3-methylphenoxy)phosphazene] can be sulfonated using S03 

to a high ion-exchange capacity (near 2.0 mmol/g) with no detectable polymer degradation.2*3 

Solution-cast sulfonated polymer membranes (100-200 p.m thick) exhibited good mechanical 

456 



properties in both the dry and water-swollen states for ion-exchange capacities < 1.4 mmol/g. 
Additionally, we have shown that methylphenoxy-substituted phosphazene polymers could be 
photocrosslinking using UV light (via a hydrogen abstraction mechanism) and benzophenone as the 
photoinitiator in dry-film form.4,5 

Below, we report on our evaluation of a membrane composed of sulfonated and crosslinked 
poly[bis(3 -methylphenoxy)phosphazene]. The membrane was characterized in terms of ion-exchange 
capacity, equilibrium swelling in water, methanol, and water/methanol mixtures, water and methanol 
diffusivity, proton conductivity, and chemical/thermal stability. 

Experimental 
Poly[bis(3-methylphenoxy)phosphazene] (henceforth denoted as POP) was purchased from 

.technically, Inc., Andover, MA and used as the base polymer without further purification. The 
molecular weight of this polyphosphazene, as determined by gel permeation chromatography (Waters 
Styragel HT 6E column in THF), was 2.0 x 106 Daltons. 

The polyphosphazene was sulfonated with S03 in 1,2-dichloroethane (DCE) solvent at 0°C, 
using procedures described elsewhere.2 The polymer product was washed thoroughly with deionized 
and distilled water, pre-conditioned by soaking sequentially in water, 0.1 M NaOH, water, 0.1 M 
HC1, and water over a 10 day period, and then dried thoroughly. The ion-exchange capacity (EEC) 
of the sulfonated polymer was 1.4 mmol/g (as compared to an DEC of 0.909 mmol/g for Nafion 117). 
Membranes were solution-cast from a mixture of 3 w/v% polymer in N,N-dimethylacetamide. In 
some cases, 15 mol% benzophenone (BP) photoinitiator was added to the casting solution for 
eventual polymer crosslinking. Membranes were dried in the dark and under vacuum at 45°C for 3 
days. Membranes containing benzophenone were irradiated with UV light (365 nm wavelength, 2.8 
mW/cm2 intensity) under an Argon atmosphere at 25°C for 15-20 hours. The final dry membrane 
thickness for both crosslinked and non-crosslinked films was -200 urn. 

Equilibrium membrane swelling by water and methanol and the diffusion coefficients of water 
and methanol in polyphosphazene films were determined under controlled vapor activity conditions 
using a McBain quartz spring sorption apparatus. All measurements were made on membrane 
samples in the FT form. Swelling was first calculated as the % increase in the dry membrane weight 
and then was converted to units of solvent molecules per sulfonic acid site. For unit activity water 
swelling, a membrane was equilibrated in deionized and distilled liquid water. Water and methanol 
diffusion coefficients were determined by a weight loss method, using a thick polyphosphazene 
membrane (400-600 urn) to minimize surface drying effects. After a membrane sample was fully 
equilibrated with water vapor at an activity of 0.95 or methanol vapor at an activity of either 0.80 or 
0.90, the vapor activity was lowered by 5% and the membrane weight loss was recorded with time. 
The diffusion coefficient was then computed from the initial slope of a weight loss vs. square-root 
of time plot according to the following equation6 
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n = rcS2 (slope)2 

16 

The electrical conductivity of protons in a water-equilibrated polyphosphazene membrane in 
the FT form was determined using an AC impedance method. Membrane samples were first soaked 
in deionized and distilled water for 24 hours. The conductivity was measured using a pair of pressure- 
attached, high surface area platinum electrodes, as described elsewhere.7 The mounted sample was 
immersed in deionized and distilled water at a given temperature and measurements were made from 
1Hz to 105Hz using a PAR Model 5210 amplifier and a PAR Model 273 potentiostat/galvanostat. 
Both real and imaginary components of the impedance were measured and the real Z-axis intercept 
was closely approximated. The cell constant was calculated from the spacing of the electrodes, the 
thickness of the membrane (200 urn), and the area of the platinum electrodes. 

Results and Discussion 
The equilibrium water sorption vs. water activity data at 30°C was correlated in terms of the 

number of water molecules per sulfonic acid site. At water vapor activities less than 0.6, the 1.4 TEC 
and 1.4 IEC/crosslinked polyphosphazene membranes swelling was less than that for Nafion 117 
(0.909 EEC). For water activities greater than 0.6, the un-crosslinked polyphosphazene membrane 
swelled more than Nafion. When equilibrated in liquid water (unit activity), the number of water 
molecules per sulfonic acid site was 14 (for Nafion 117), 20 (for the 1.4 IEC polyphosphazene 
without crosslinking) and 12 (for the 1.4 EEC polyphosphazene with crosslinking). Although the 
concentration of fixed charges in the polyphosphazene membrane was greater than that in Nafion, 
polymer crosslinking was prevented excessive swelling. Equilibrium membrane swelling of the 
crosslinked polyphosphazene membrane in methanol vapor at 30°C was also measured and compared 
to that for Nafion. Again, the polyphosphazene membrane swelled less than Nafion, with an 
equilibrium swelling of 12.5 wt% (2.8 methanol molecules per sulfonic acid site) at a vapor activity 
of 0.9, as compared to 15.1 wt% (5.1 methanol molecules per sulfonic acid site). 

The measured water and methanol diffusion coefficients in a crosslinked and sulfonated 
polyphosphazene membrane at 30°C and 45°C are listed in Table. The water diffusivity in the 
polyphosphazene membrane was considerably lower than that in Nafion due probably to the combined 
effects of: (i) Stronger molecular-level interactions of the water with the P-N polymer backbone, as 
compared to the highly hydrophobic PTFE backbone in Nafion (for example, hydrophilic -N-FT 
complexes may be present in the membrane, due to the presence of backbone nitrogens with unpaired 
electrons) and (ii) lower solvent swelling that increased the tortuous pathway for species diffusion. 
The pure methanol diffusivity in the polyphosphazene membrane was also very low and comparable 
to that of water. 
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Table 1.   The diffusion coefficients of water and methanol in a sulfonated/crossiinked 
poly [bis(3-methylphenoxy)phosphazenel membrane. 

Crosslinked 
polyphosphazene 

(IEC=1.40mmol/g) 

Nafion 117 
(IEC=0.909 mmol/g) 

Water Diffusion 
Coefficient (cm2/s) 

6.72 x 10-8 

(at 30°C; activity= 0.98) 

9.85 x 10"8 

(at 45°C; activity=0.98) 

4.50 xlO"6 

(at 30°C; activity=0.98) 

Methanol Diffusion 
Coefficient (cm2/s) 

1.62 xlO"8 

(at 30°C; activity=0.80) 

7.50 xlO"8 

(at 45°C; activity=0.80) 

8.50 xlO"8 

(at 45°C; activity=0.90) 

The proton conductivity in a liquid-water-equilibrated polyphosphazene membrane (1.4 EC, 
crosslinked, and in the FT form) was measured at temperatures ranging from 30°C to 65°C and the 
results were compared with literature data8 for Naflon 117. The conductivity of the phosphazene 
membrane was high, at approximately 70% that of Nafion, throughout the temperature range under 
investigation. The high conductivity results have been attributed to: (i) The close proximity of S03" 
groups on the polyphosphazene's methylphenoxy side chains (approximately 30% of the 
methylphenoxy groups were sulfonated for an IEC of 1.4 mmol/g, with a side-chain/side-chain 
distance of approximately 4.7-4.9 A) and (ii) the clustering of sulfonated polymer domains in the 
polyphosphazene (small angle x-ray scattering experiment revealed ion clustering in hydrated 
polyphosphazene membranes with a characteristic cluster dimension of 65 A). It is anticipated that 
electro-osmotic drag coefficient will be small in the polyphosphazene membrane, based on the high 
proton conductivity and low water diffusivity results (such experiments have not yet been performed). 

The mechanical stability of sulfonated and sulfonated/crossiinked polyphosphazene ion- 
exchange membranes was determined by thermal mechanical analysis (TMA), where data was 
collected in the penetration mode with a load of 0.5 N. In these experiments, the membrane was 
bathed in N2 gas and heated at 10°C/min. The TMA results showed that the un-crosslinked, 1.4 EEC 
polyphosphazene membrane began to soften at 75°C, whereas the crosslinked film exhibiting no 
softening for temperatures up to 174°C. 

The chemical stability of the polyphosphazene membranes was evaluated by a soaking 
membrane sample in an aqueous 3% H202 solution containing 4 ppm Fe2+ at 68°C. Periodically, over 
a 24 hour period, the membrane was removed from the peroxide solution, wiped with filter paper to 
remove excess liquid, and weighed. No membrane weight loss was observed, confirming our 
hypothesis and literature references regarding the excellent chemical stability of phosphazene 
polymers. For comparison purposes, a Nafion 117 membrane and a commercially available 
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polystyrene sulfonate membrane (crosslinked with divinyl benzene) were also subjected to the 
peroxide degradation test. As expected, the Nation film showed essentially no weight loss over the 
24 hour test period, whereas the polystyrene-based cation exchange membrane showed severe 
degradation, with a weight loss of about 50% (corrected for the presence of an inert polymer webbing 
material) after 8 hours of peroxide exposure. 
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Why Polyphosphazenes? 

1. Polymers have good chemical and thermal stability. 

2. There are practically unlimited possibilities to 
functionalize the polymer. 

f1 NaORj ^1 

'       n       NflOR n 

Cl WaUK2 ORo 

2NaCl 

3. Prior use of polyphosphazenes - polymer electrolytes 
in solid-state lithium batteries, membranes for organic/water 
pervaporation separation, low temperature gaskets. 

Approach 
Base polymer: Poly[bis(3-methylphenoxy) phosphazene). 
MW=2 x 106 daltons; purchased from technically, Inc., Andover, 
MA. 

Examine sulfonated and 
sulfonated/crosslinked membranes. 

Base polymer is semi-crystalline with 
a low glass transition temperature 
(Tg=-28.3°C). 

Methyl groups on the phenoxy 
sidechains activate the ring for 
sulfonation and can be used for 
crosslinking (with UV light and a 
photoinitiator). 
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Sulfonation of Poly[bis(3-methylphenoxy)phosphazene] 
with SO, 

o'CHa SO,H 

o/CH3 
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-P=N- 
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_p=N-   + 
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0 so3 

1 i 
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1 DCE 
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1 0 
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0 
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Os* S03HCH3 ^ 
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HjO 

1 1 
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_p=N*H- 
1   HSO; 
0 
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O-CH, 

One gram of polymer was dissolved in 40 cm3 of dichloroethane. 

S03 in dichloroethane was added dropwise at 0°C and in a dry 
nitrogen atmosphere. 

Resulting precipitate was stirred for 3 hours at 0°C, then the reaction 
was terminated by addition of a dilute NaOH/water/methanol 
solution. 

Polymer was pre-conditioned by soaking in distilled water, 0.1M 
NaOH, distilled water, 0.1 M HCI, and distilled water (48 hours for 
each soak). 

Polymer was then dried, dissolved in dimethylacetamide, and cast on 
a polypropylene plate (final membrane thickness was 100-200 urn). 
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Photocrossiinking Mechanism 

1.     Generation of macroradicals with benzophenone and UV radiation. 

2.      Recombination of macroradicals. 

H3C        ^VS°3H 

H2C 

c. 
H2C 

4-P=N4- 
L   | -in 

O 

H3C 03H 

H3a   ^P°*u 

o 
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J_P=NJ- r.   x 
6 

i-kc 

I 
H2C 

o 

*>C SO3H 
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Effect of Added S03 on the Polymer Ion-Exchange Capacity 

SO./POP Molar Ratio 

Aromatic C-sulfonation began at a SO3/POP between 0.64 and 0.8, with a 
gradual increase in I EC with added S03. 

Sulfonated polymers with an IEC < 2.1 mmol/g were water insoluble. 

Yield for S03" site creation varied from 1.6% at SO3/POP = 0.64 to 44% at 
SO3/POP = 1.6. 

IR analysis of sulfonated polymers showed no change in the P=N and P-O- 
Ph stretching bands for SOg/POP molar ratios < 1.92 (above 1.92, P=N 
band decreased). 

Solid-state 13C NMR analysis showed para-position sulfonation for 
SO3/POP < 1.0 and non-specific carbon sulfonation for SCVPOP > 1.0. 

Wide-angle x-ray diffractograms showed a loss in 3-D crystallinity but the 
presence of a 2-D ordered phase after polymer sulfonation. 
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Glass Transition and Thermal Analysis of the Sulfonated 
Phosphazene Polymers 
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Tg increased monotonically (from -28.3°C to -10.0°C) with added S03 
for SO3/POP > 0.64. 

Thermal Stability - of dry polymer samples (from IR analysis) 
► P-N backbone and aromatic ring C-C degradation at 450°C for 

non-sulfonated POP. 
For sulfonated POP, P=N, C-C, and S=0 stretching bands 
decreased for polymer heating above 350°C. 

Polymer DSC Heating Curves 
► For non-sulfonated polymer - two mesophase transitions were 

observed between 40°C and 100°C. 
-        For sulfonated polymers - a broad peak in the heating curve 

(at 95°C) and an x-ray peak at 11.54-11.56A indicate a 2-D 
ordered phase. 
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Chemical Stability of Sulfonated/Crosslinked 
Polyphosphazene Membranes 

Membrane Soaking in a 3% H202 Solution Containing 4 ppm Fe2+ 

at 68°C 

Tests run on: a. 1.4 mmol/g crosslinked polyphosphazene 
membrane. 

b. Nation 117 
c. Commercial sulfonated polystyrene membrane 

(crosslinked with divinylbenzene). 
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Thermomechanical Analysis (TMA) of Crosslinked/Sulfonated 
Polyphosphazene Films 
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Penetration mode experiments were used to measure the 
compressive property (softening) of membranes. Heating rate of 
10°C/mininair. 

Typical MEA hot-pressing conditions (1000 psig and 125°C) may 
irreversibly alter the sulfonated/crosslinked polyphosphazene. 

Non-crosslinked POP began to soften at 31 °C with full probe 
penetration at 89°C. 
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Proton Conductivity in Sulfonated 
Poly[bis(3-methylphenoxy)phosphazene] Membranes 

E 
i 

G 

♦ 1.0 IEC 

■ 0.8 IEC 

A 0.8 IEC with 20%BP 

v 1.4 IEC 

o 1.4 IEC with 15% BP 

0.001 

0.01 

2.90       3.00       3.10       3.20       3.30 

1000/T (K-1) 
3.40 

Longitudinal (x-y) conductance was determined by AC impedance, on 
membranes in the H* form and equilibrated in distilled water. 

Conductivity of membranes increases with increasing temperature (25°C- 
65°C) and increasing I EC. 

Conductivity of polyphosphazene membranes increases with increasing 
IEC. Highest measured conductivity: 0.083-0.088 Q*1cm"1 atT=65°C for 1.4 
I EC with/without crossl inking. 
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Equilibrium Methanol and Methanol/Water Swelling of 1.4 IEC 
Sulfonated and Crosiinked Polyphosphazene Films 

Methanol Vapor Swelling at 30°C 

Methanol Vapor % Methanol A (methanol 
Activity Swelling (dry molecules per SOs* 

membrane basis) Sites) 

Polyphosphazene 
0.6 5.4 1.2 
0.8 10.5 2.3 
0.9 12.5 2.8 

Nation 117 
0.6 9.2 3.2 
0.8 12.8 4.4 
0.9 15.1 5.2 

Selective Absorption of Methanol from External Methanol/Water Solutions 
(membranes in H* form and pre-hydrated) 
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Water Diffusivity in Sulfonated Polyphosphazene Membranes 

Temperature (°C) 
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Diffusivities were measured using a weight loss method, with a quartz 
spring microbalance, a 600 urn thick POP membrane, and a water vapor 
activity of 0.98 (0.93 activity during desorption). 

At 60°C, the water diffusivity in a 1.4 mmol/g crosslinked polyphosphazene 
membrane is 33 times lower than that in Nation. 

Preliminary methanol diffusion data for a 1.4 IEC/crosslinked membrane - 
8.5 x 10"8 cm2/s at 45°C and a methanol vapor of 0.90. 
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• 

• 

• 

• 

Future Work 

Hot-press gas diffusion electrodes onto POP membranes and obtain cell 
polarization curves for direct methanol/air fuel cell - Identify MEA hot- 
pressing conditions; determine methanol crossover; examine long-term 
membrane stability. 

Measure membrane physical properties - Methanol diffusivity (pulsed 
field gradient NMR method) for methanol/water solutions; electro-osmotic 
drag coefficient of water; water/polymer and methanol/polymer 
interactions (ATR-FTIR). 

Optimize the ion-exchange capacity and degree of crosslinking  - for 
poly[bis(3-methylphenoxy)ptiosphazene]. 

Investigate new phosphazene polymers for sulfonation and crosslinking - 
Thermally crosslinked polymers; block copolymers, the use of star 
crosslinkers. 

Investigate interpenetrating polymer networks (IPNs) - With 
sulfonated/crosslinked polyphosphazenes. 
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An Overview of lonomer Membrane Stability - a commentary on the slides 

presented at the Workshop on Advanced Fuel Cell Membranes, Las Vegas, NV, April 

28, 1998. Charles W. Martin. 

A quantitative, critical evaluation of ionomer membrane life via a review of the literature 

is quite difficult. While a significant amount of information has been reported on various 

membrane structures, it tends to be in the form of conclusions with limited backup data 

and experimental detail. Also, side-by-side comparisons of performance and life are 

somewhat problematic since the optimum operating conditions for different membrane 

vary significantly depending on structure, equivalent weight, membrane thickness, etc. 

Slides 1-3. The challenges and issues of membrane stability can be well illustrated by 

comparing the literature on the three membrane materials listed on Slide 3. They run 

the gamut from a pure hydrocarbon ionomer through the perfluorinated Nation®. 

Slide 4. Partially sulfonated polystyrene was one of the first PEM fuel cell membranes 

used for the Gemini space program. At lower temperatures, it has a significant 

operating life but above 80° C the operating life is measure in hundreds of hours 

depending on the extent of crosslinking. Crosslinking raises the molecular weight and 

slows the loss of membrane mass due to oxidative cleavage. Grafting polystyrene on 

to a more stable, partially fluorinated backbone also gives improved but still limited 

stability (Slide 7). 

Slide 5. Sulfonated poly-a,a,ß-trifluorostyrene represented the next generation of 

membranes with dramatically improved stability. General Electric patented this 

membrane and demonstrated operating lifetimes of over 8000 hours in a fuel cell at 80° 

C. While the chemical stability was improved, the physical properties were quite poor. 

In recent years, the properties of a,a,ß-trifluorostyrene-based ionomers have been 

improved by grafting onto an ethylene-tetrafluoroethyene copolymer backbone (Slide 6, 

Ramion®, Chlorine Engineers Corp.). The resulting membrane has shown stable 
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operation for 10,000 hr. in electrolysis mode (Slide 12). At last check, development of 

Ramion has been terminated by CEC. Ballard Technologies is currently developing an 

improved version of this class of membrane by co-polymerization of a.a.ß- 

trifluorostyrene with one or more ring substituted monomers (Slide 8). An operating life 

in excess of 14,000 hr. at 80° C, 500 asf in a fuel cell has been demonstrated (Slide 9). 

Slide 10. The longest-lived membrane material tested to date is Nation®, a 

perfluorinated sulfonic ionomer membrane. Operating lifetimes of 100,000 hr. have 

been reported. Interestingly, the operating life has been correlated with the small 

amount of fluoride present in the product water. This clearly indicates that even the 

perfluorinated materials are chemically degraded at a finite rate in an operating fuel cell. 

The degradation rate is temperature dependent with an activation energy of 18 

kcal/mole measured over the range of 60-100° C (Slide 11). 

The chemical degradation of ionomer membranes in a fuel cell or electrolysis cell is an 

asymmetric phenomenon. The degradation is most rapid near the electrode that is 

consuming (fuel cell) or producing (electrolysis cell) hydrogen (Slide 13,14). This is well 

illustrated by the electrolysis study reported by Scherrer and coworkers shown on Slide 

15 & 16. In this work, several thin layers of a membrane were compressed between 

electrodes and operated for an extended time in an electrolysis cell. The membrane 

layers were then separated and analyzed for degradation. The results clearly show that 

the rate of degradation is inversely related to the distance from the hydrogen cathode. 

This and other studies have led to the hypothesis outlined on Slide 17. According to 

this proposal, hydrogen radicals form at the electrode and combine with oxygen that 

has diffused through the membrane to form hydrogen peroxide.   The hydrogen 

peroxide then diffuses into the membrane until it encounters a trace metal contaminate, 

especially iron, which catalyzes the formation of peroxyl and hydroxyl radicals. These 

highly reactive species then attack the polymer.   In support of this mechanism, the in- 

cell stability of ionomer membranes has been shown to correlate with their resistance to 

the iron catalyzed oxidation with hydrogen peroxide (Fenton's reagent) as illustrated in 

Slide 18. 
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As the operating temperature of a fuel cell increases, thermal degradation also 

becomes a concern. The desulfonation of aromatic sulfonic groups (Slide 21) is an acid 

catalyzed process and is therefore auto-catalytic. The rate increases with increasing 

temperature and decreasing hydration. Sulfonated aromatic ion exchange resins are 

known to have limited life above 100° C. The thermal stability of sulfonated poly-oc,oc,ß- 

trifluorostyrene has not been reported. 

Perfluorinated sulfonic acid membranes also undergo a thermal degradation process. 

A proposed mechanism based on known chemistry of perfluorinated alkyl sulfonic acids 

is outlined on slide 22.   Since the first step is a reversible loss of water to form a 

sulfonic anhydride, this process would also be auto-catalytic and very dependent on the 

amount of water in the system. Under anhydrous conditions, perfluorinated alkyl 

sulfonic acids have been reported to lose sulfur dioxide at temperatures as low as 

180° C. 

Physical strength and resistance to dimensional changes are also an important 

consideration at higher temperatures. In the absence of reinforcement, the physical 

properties of a membrane are dependent on the glass transition (Tg), crystallinity, and 

covalent crosslinking. In the absence of crystallinity or covalent crosslinking, the long 

term operating temperature of a membrane will be limited by the glass transition (Slide 

23,24). 

Clearly, the design of membranes for high temperature fuel cells involves multiple 

challenges beyond the problem of conductivity in a low hydration environment. 

Chemical, thermal and physical stability are ail critical questions that must be 

addressed by the scientists and engineers working to advance fuel cell technology. 
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